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The  fatigue  characteristics  of  a  unidirectional 
titanium  based  Metal  Matrix  Composite  (MMC)  were 
investigated  at  elevated  temperature  (427°) .  A  hybrid 
strain  controlled  loading  mode  was  used  to  subject  the  0° 
and  90°  laminas  to  fatigue.  This  hybrid  control  mode  did 
not  allow  the  MMC  to  experience  any  compressive  stresses  on 
the  lamina  level . 

To  fully  understand  the  fatigue  behavior  of  the  MMC 
under  this  hybrid  strain  control  mode,  fatigue  tests, 
microscopy,  and  analytical  modeling  were  performed 
concurrently.  First,  the  fatigue  tests  provided  data  on  the 
fatigue  life  and  mechanical  response  of  the  MMC.  Second, 
the  initiation  and  progression  of  fatigue  damage  mechanisms 
were  identified  using  several  microscopy  techniques.  Using 
this  information,  fatigue  life  curves  were  generated,  which 
related  the  specimen  fatigue  life  and  damage  mechanisms  to 
the  applied  strain  level.  Third,  analysis  techniques  were 
applied  to  predict  the  stress-strain  response  of  the  MMC. 
This  provided  further  insight  into  the  lamina  fatigue 
behavior . 

Based  on  this  combination  of  activities,  the  initiation 
and  progression  of  damage  and  deformation  in  the  laminas 
were  identified.  When  loading  was  parallel  to  the  fiber 
direction,  the  fatigue  behavior  was  initially  dominated  by 
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creep  deformation  of  the  matrix.  This  was  accompanied  by 
plastic  deformation  of  the  matrix  for  those  specimens 
subjected  to  fatigue  above  a  maximum  strain  of  .55%.  Then, 
depending  on  the  maximum  strain,  the  specimen  failure  was  a 
result  of  either  fiber  fractures  or  the  development  and 
progression  of  matrix  cracks.  In  contrast,  when  loading  was 
perpendicular  to  the  fiber  direction,  the  fatigue  response 
was  first  dominated  by  the  initiation  of  fiber-matrix 
interface  damage.  Then,  if  the  maximum  strain  was  greater 
than  .35%,  the  dominate  damage  mechanism  was  matrix  cracks. 
Below  this  strain  level,  the  damage  was  a  mixture  of  small 
matrix  cracks  and  the  propagation  of  fiber-matrix  interface 
damage.  Further,  the  analysis  for  this  loading  direction 
included  unique  methods  to  account  for  the  fiber-matrix 
interface  damage.  This  hybrid  approach  involving 
experiments,  microscopy,  and  analytical  modeling  provided  a 
better  understanding  of  the  fatigue  behavior  of  the  MMC . 
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CHARACTERIZATION  OF  FATIGUE  DAMAGE  IN  A 
METAL  MATRIX  COMPOSITE  (SCS-6/Ti-15-3 ) 

AT  ELEVATED  TEMPERATURE 

I.  Introduction 

Increasing  interest  in  programs  such  as  the  National 
Aerospace  Plane  (NASP)  and  High  Temperature  Engine 
Technology  Program  (HITEMP)  have  sparked  a  search  for  new 
materials  that  can  withstand  severe  environments  such  as 
thermomechanical  loadings.  Metal  Matrix  Composites  (MMC) 
offer  a  promising  solution.  These  composites  are  composed 
of  a  high  strength,  light  weight,  metal  alloy  matrix 
reinforced  with  high  strength  fibers  which  provide  high 
specific  stiffness.  This  combination  of  materials  can  be 
used  at  elevated  temperatures  without  any  serious 
degradation  of  mechanical  properties. 

The  structures  designed  with  these  materials  will 
experience  a  variety  of  temperature  and  loading  conditions. 
Figure  1.1  shows  the  typical  temperature  and  load  profiles 
for  an  aircraft  engine  turbine  disk.  Furthermore,  leading 
edge  temperatures  for  applications  such  as  the  NASP  are 
expected  to  exceed  1100°C  (2000°F)  [47] .  These  examples 
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demonstrate  the  need  for  understanding  the  thermomechanical 
fatigue  (TMF)  response  of  a  MMC . 

MMCs  have  properties  useful  for  high  temperature 
applications.  However,  they  have  some  characteristics  that 
result  in  unique  damage  mechanisms  and  prevent  existing 
analysis  tools  from  accurately  predicting  their  fatigue 
response.  Perhaps  the  most  evident  problem  stems  from  a 
mismatch  in  the  coefficient  of  thermal  expansion  (CTE) . 
Although  both  materials  have  low  CTEs,  the  CTE  of  the  matrix 
is  typically  much  larger  than  that  of  the  fiber.  This 
mismatch  results  in  two  major  problems.  First,  large 
residual  thermal  stresses  develop  as  the  composite  is  cooled 
down  from  the  processing  temperature.  When  the  matrix  CTE 
is  larger  than  the  fiber,  the  longitudinal  and  hoop  stresses 
of  the  matrix  are  tensile  while  the  corresponding  fiber 
stresses  are  compressive  (Figure  1.2).  These  residual 
thermal  stresses  may  induce  damage  in  the  as -received 
composite  [26,  68,  102] .  Second,  when  the  MMC  is  subjected 
to  thermal  fatigue,  the  matrix  expands  and  contracts  at  a 
different  rate  than  the  fiber.  This  results  in 
thermomechanical  fatigue  of  the  fiber-matrix  interface. 

Newaz  and  Majumdar  [80],  and  Mall  and  Ermer  [71]  have  found 
that  matrix  microcracks  develop  when  the  MMC  was  exposed 
only  to  thermal  cycling. 
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Longitudinal  Thermal 
Stresses 


Thermal  Stresses 


Figure  1.2  Thermal  Residual  Stresses  in  Fiber 
and  Matrix 


Another  unique  characteristic  of  MMCs  is  the  interphase 
or  reaction  zone  between  the  fiber  and  the  matrix  (Figure 
1.3).  This  interphase  zone  results  from  the  high  reactivity 
of  the  titanium  matrix  with  the  carbon-rich  coating  on  the 
fibers  [60],  Johnson  et  al.  [54]  showed  that  both  fiber  and 
matrix  material  exists  in  this  zone,  so  effectively  a  third 
material  is  present.  To  analyze  a  composite  with  an 
interphase  zone,  Hopkins  and  Chamis  [48]  have  developed  a 
unique  set  of  equations.  This  set  of  equations  modifies  the 
traditional  rule  of  mixtures  to  include  the  effects  of  this 
zone  on  the  lamina  response.  However,  the  properties  of  the 
interphase  zone  are  difficult  to  predict,  and  it  is  unstable 
when  subjected  to  fatigue.  A  few  studies  [26,  89,  101]  have 
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Figure  1.3  Uncycled  Fiber-Matrix  Interphase 
Zone 


shown  that  the  interphase  zone  grows,  cracks,  and  separates 
from  the  fiber  under  thermal,  isothermal,  and 
therraomechanical  loading  conditions. 

Virtually  every  investigation  of  a  MMC  has  identified 
the  interphase  zone  and  residual  thermal  stresses  as  key 
elements  toward  understanding  the  initiation  and  progression 
of  fatigue  damage.  Therefore,  any  study  of  a  MMC  must 
carefully  consider  these  two  special  areas. 

Although  understanding  the  TMF  characteristics  of  MMCs 
is  important,  few  experimental  investigations  have  been 
conducted  for  these  materials.  Several  of  these  [30-35] 
have  been  performed  under  the  load  control  mode.  According 
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to  Mitchell  [78] ,  materials  in  most  engineering  applications 
are  actually  strain  controlled,  but  only  a  few 
investigations  [35,  9]  have  been  performed  using  this 
loading  condition.  Hence,  there  is  a  need  for  additional 
comprehensive  investigations  of  MMCs  under  the  strain 
controlled  loading  mode. 

The  objective  of  this  study  was  to  provide  a  foundation 
for  MMC  lamina  to  laminate  relationships  in  the  TMF 
environment  under  the  strain  controlled  loading  mode.  This 
is  best  achieved  by  first  understanding  the  fatigue  behavior 
of  a  unidirectional  MMC  in  isothermal  conditions.  Obtaining 
a  thorough  understanding  of  the  MMC  in  this  environment 
requires  a  combination  of  fatigue  testing,  microscopy,  and 
analytical  modeling.  This  research  investigated  the  lamina 
mechanical  response  and  fatigue  life  versus  strain  range 
relationships,  and  the  initiation  and  progression  of  damage 
dependence  on  the  applied  strain  range.  Micromechanical 
analysis  techniques  were  applied  to  understand  the  lamina 
stress  response  as  a  function  of  fatigue  cycles.  This 
established  a  complete  picture  of  the  lamina  fatigue 
behavior,  which  can  be  extended  in  future  work  to  understand 
the  behavior  of  multi-angle  laminates. 

The  objective  of  the  research  was  accomplished  by 
performing  fatigue  tests  on  a  model  MMC.  The  MMC  chosen  for 
this  research  was  the  Ti-15V-3Cr-3Al-3SN  (w/o)  or  Ti-15-3 
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alloy  reinforced  with  36  volume  percent  continuous  silicon 
carbide  fibers  (SCS-6) .  This  composite  has  a  high  strength- 
to-weight  ratio,  good  thermal  resistance,  and  is  designed 
for  applications  up  to  704°C  [67].  The  fatigue  environment 
was  a  hybrid  strain  control  mode  [9]  at  427 °C.  Several 
fatigue  tests  were  performed  on  the  SCS-6/Ti-15-3 
unidirectional  MMC  and  the  Ti-15-3  unreinforced  alloy  or 
neat  matrix.  For  the  MMC,  the  fatigue  tests  were  conducted 
with  the  fibers  parallel  and  perpendicular  to  the  loading 
direction.  The  results  from  these  tests  provided 
information  on  the  MMC  mechanical  response  and  fatigue 
cycles  to  failure.  Also,  fatigue  life  curves,  as  a  function 
of  the  applied  strain,  were  generated.  Microscopy 
techniques  were  then  used  to  identify  the  following  fatigue 
damage  and  deformation  mechanisms:  (1)  fiber  fractures,  (2) 
fiber-matrix  interface  damage,  (3)  matrix  cracks,  (4)  matrix 
plastic  deformation,  and  (5)  matrix  creep  deformation. 
Combining  the  results  from  the  experiments  and  microscopic 
analysis,  the  fatigue  curves  were  partitioned  to  reflect  a 
relationship  between  strain  range,  fatigue  life,  and  the 
dominant  damage  and  deformation  mechanisms. 

Micromechanics  techniques  were  applied  to  predict  the 
fatigue  response  of  the  MMC.  A  concentric  cylinder  model 
was  employed  to  model  the  longitudinal  (fibers  parallel  to 
the  loading  direction)  fatigue  behavior  of  the  MMC.  On  the 
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other  hand,  a  unit  cell  model  was  used  to  predict  the  MMC 
transverse  (fibers  perpendicular  to  the  loading  direction) 
fatigue  behavior.  A  unique  method  was  proposed  to  include 
the  fiber -matrix  interface  damage  observed  in  the 
transversely  loaded  MMC.  Only  one  static  test  at  the 
desired  application  temperature  was  required  to  calibrate 
this  model.  Also,  an  empirical  scheme  was  proposed  to 
characterize  the  elastic-viscoplastic  deformation  of  the 
matrix.  The  scheme  required  data  obtained  from  only  a  few 
relaxation  tests  and  a  static  test  conducted  on  the  neat 
matrix.  This  analysis  provided  an  insight  into  the  MMC 
fatigue  behavior  that  could  not  be  experimentally  measured 
or  observed  through  the  microscopic  analysis. 

This  dissertation  contains  a  description  of  the  above 
mentioned  efforts.  First,  previous  experimental  and 
analytical  investigations  of  MMCs  are  reviewed.  Second,  a 
complete  description  of  the  test  equipment  and  techniques 
used  in  this  study  is  provided.  Third,  a  discussion  of  the 
experimental  results  is  presented.  This  includes  examples 
of  the  lamina  mechanical  response,  microscopy  analyses,  and 
fatigue  life  analyses.  Fourth,  a  description  of  the 
micromechanical  models  and  the  results  obtained  from  these 
models  are  presented  and  compared  to  the  experimental 
results.  Fifth,  the  conclusions  and  recommendations  that 
were  drawn  from  this  work  are  discussed. 
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Previous  studies  of  Metal  Matrix  Composites  (MMCs)  have 
focused  on  building  an  understanding  of  the  thermal  fatigue, 
isothermal  fatigue,  and  thermomechanical  fatigue  response  of 
these  materials .  Both  experimental  and  analytical 
investigations  have  been  performed  in  an  attempt  to 
characterize  MMCs  under  these  conditions.  This  chapter 
provides  a  brief  review  of  some  previous  studies.  A 
background  of  frequently  used  terminology  and  testing 
techniques  are  discussed  first.  This  is  followed  by  a 
review  of  recent  experimental  investigations  and  some  models 
currently  available  for  the  analysis  of  MMCs.  Finally,  a 
brief  introduction  to  the  models  used  in  this  study  are 
presented. 


The  first  step  in  characterizing  the  fatigue  behavior 
of  a  MMC  is  to  understand  the  environment  to  which  the 
material  will  be  exposed  in  actual  aerospace  applications. 
Figure  1.1  showed  typical  load  and  temperature  profiles 
which  may  be  experienced  by  a  MMC  component.  These  profiles 
are  quite  complex.  Before  getting  to  this  level,  the  MMC 
must  first  be  tested  in  more  basic  and  controlled 


environments.  These  simplified  conditions  enable  the 
researcher  to  isolate  certain  fatigue  characteristics.  It 
provides  the  basics  and  a  good  start  to  understand  the  more 
complex  behavior.  This  section  discusses  some  of  the 
typical  loading  conditions  used  to  characterize  the  behavior 
of  MMCs . 

Control  Mode 

MMCs  are  typically  subjected  to  fatigue  using  either 
the  load  or  strain  control  mode.  Both  of  these  terms  are 
frequently  used  throughout  this  dissertation  and  are 
described  here.  In  the  load  control  mode,  .e  load  applied 
to  the  specimen  is  the  independent  variable,  and  the  strain 
is  the  dependent  variable.  The  load  range  is  determined  by 
the  ratio  of  the  minimum  stress  to  the  maximum  stress: 

(1.1) 

°raax 

R  is  typically  greater  than  zero  so  that  the  specimen  is  not 
subjected  to  compressive  stresses.  Since  the  specimen  will 
not  buckle  under  these  conditions,  this  allows  for  the  use 
of  a  thinner,  less  expensive,  MMC.  For  many  aerospace 
applications  materials  are  strain  controlled  [78],  so 
testing  a  MMC  in  this  manner  is  desirable.  In  this  control 
mode,  the  strain  is  the  independent  variable,  and  the  load 
is  the  dependent  variable. 
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A  special  consideration  when  using  the  strain  control 
mode  is  buckling  of  the  test  specimen.  When  a  MMC  is 
subjected  to  fatigue  at  elevated  temperatures,  matrix  creep 
deformation  will  result  in  a  relaxation  of  the  composite 
stress  without  a  loss  in  stiffness.  Compressive  loads  are 
then  required  to  achieve  the  minimum  strain  level  [35],  and 
a  thin  test  specimen  may  buckle  in  this  case  [85] .  To 
prevent  this,  either  thicker  specimens  or  special  test 
apparatus  must  be  used,  or  a  special  control  technique  must 
be  applied.  Bartolotta  and  Brindley  [9]  employed  a  passive 
control  system  to  monitor  the  minimum  stress  of  the 
specimen.  Once  this  stress  achieved  a  zero  value,  the 
minimum  strain  was  increased  by  a  small  increment.  As  a 
result,  the  specimen  was  not  subjected  to  compressive 
stresses,  so  it  did  not  buckle.  This  is  a  hybrid  strain 
control  mode  and  is  described  in  more  detail  in  Chapter  III. 

Static.  Relaxation,  and  Creep  Tests 

Some  important  characteristics  of  a  MMC  can  be  obtained 
in  tests  environments  other  than  fatigue.  These  include, 
but  are  not  limited  to,  the  static  or  monotonic  test,  the 
relaxation  test,  and  the  creep  test.  Data  are  gathered  from 
these  tests  about  the  material  properties  and  responses  as  a 
function  of  temperature  and  loading  rates. 

Perhaps  the  simplest  of  all  loading  conditions  is  the 
static  test.  This  involves  increasing  the  applied  load  or 
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strain  until  the  specimen  fails.  Testing  is  usually 
performed  over  a  range  of  temperatures  and  loading  rates  to 
determine  the  strain  rate  and  temperature  dependence  of  some 
material  properties.  These  may  include  the  elastic  modulus, 
ultimate  tensile  strength,  and  the  yield  stress  or 
proportional  limit.  The  temperature  dependence  of  a  typical 
MMC  tested  in  the  monotonic  loading  condition  is  shown  in 
Figure  2.1,  while  the  strain  rate  dependence  of  many  MMCs  is 
shown  in  Figure  2.2. 

MMCs  often  exhibit  significant  time  dependent 
deformations  at  the  elevated  temperatures  [18,  51] .  This 
behavior  can  be  characterized,  in  part,  by  relaxation  and 
creep  tests.  Both  are  usually  performed  in  isothermal 
conditions.  The  typical  stress  relaxation  in  a  material 
when  subjected  to  a  constant  strain  input  appears  in  Figure 
2.3,  while  Figure  2.4  shows  the  accumulation  of  strain 
(creep)  when  a  material  is  exposed  to  a  constant  stress 
input.  A  constitutive  model  developed  from  these  tests  data 
can  be  applied  to  predict  the  material  response  when 
subjected  to  fatigue. 

Fatiqve  spyirooipents 

As  mentioned  earlier,  to  characterize  the  fatigue 
response  of  a  MMC  requires  understanding  its  behavior  in 
some  simplified  conditions.  This  section  discusses  some 
special  tests  environments  (thermal  fatigue,  isothermal 
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Figure  2.2  Typical  Strain  Rate  Dependence  of 
a  MMC  at  Constant  Temperature 
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fatigue,  and  thermomechanical  fatigue)  used  to  isolate  the 
composite  response  and  damage  mechanisms. 

Thermal  Fatigue  (TF)  involves  cycling  the  temperature 
while  the  specimen  stress  is  held  constant.  This  is  usually 
accomplished  by  varying  the  temperature  over  a  specified 
range  using  the  sawtooth  wave  function  (Figure  2.5).  It  was 
mentioned  in  Chapter  I  that  the  coefficient  of  thermal 
expansion  (CTE)  of  the  matrix  is  typically  larger  than  that 
of  the  fiber.  This  results  in  fluctuating  stresses  at  the 
fiber-matrix  interface  when  the  specimen  is  exposed  to 
thermal  cycling,  so  this  environment  isolates  damage 
mechanisms  due  to  thermal  fatigue  alone. 

Another  method  used  to  isolate  fatigue  damage  is  the 
isothermal  fatigue  (IF)  test.  In  this  environment,  the 
temperature  is  held  constant  while  cycling  a  mechanical 
load.  A  typical  temperature  and  load  profile  for  an  IF  test 
is  shown  in  Figure  2.6.  Since  the  thermally  induced 
stresses  are  constant  in  this  case,  this  test  environment 
provides  an  opportunity  to  isolate  damage  mechanisms  due 
solely  to  applied  loading. 

The  techniques  described  above  help  to  characterize  the 
fatigue  behavior  of  MMCs,  but  they  are  still  simplified 
versions  of  many  aerospace  environments  (Figure  1.1).  The 
exact  profile  shown  in  Figure  1.1  may  be  impractical  to 
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Figure  2.5  Typical  Te-nperature  and  Stress 
Profiles  for  a  TF  Test 


Figure  2.6  Typical  Stress  and  Temperature 
Profiles  for  a  IF  Tests 
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simulate.  A  step  in  this  direction  is  the  thermomechanical 
fatigue  test  (TMF) .  The  TMF  test  provides  a  controlled 
method  which  approaches  the  actual  aerospace  environment. 

In  this  case,  a  specimen  is  subjected  to  both  thermal  and 
mechanical  fatigue.  These  parameters  can  be  cycled  in-phase 
(IP),  so  that  the  maximum  (minimum)  temperature  and  load  are 
reached  simultaneously  (Figure  2.7a).  Also,  the  temperature 
can  be  cycled  out-of-phase  (OP) ,  so  the  temperature  lags  the 
load  profile  by  some  angle  $  (Figure  2.7b).  These  cyclic 
profiles  may  become  more  complex  by  imposing  hold  times  on 
the  temperature,  load,  or  both  [88] . 

Data  Analysis 

Fatigue  damage  of  MMCs  is  complex,  and  the  methods  to 
relate  damage  to  the  fatigue  life  are  not  well  established. 
In  contrast,  damage  (crack  growth)  in  a  monolithic  material 
typically  develops  along  a  single  plane.  There  are 
experimental  techniques  available  for  measuring  this  crack 
length,  [39]  and  there  exists  methods  to  predict  the  rate  of 
crack  growth  [16,  88] .  From  which,  the  fatigue  life  can  be 
predicted.  In  composites  the  fatigue  damage  may  be  quite 
different.  Depending  on  the  load  level,  cracks  may  develop 
and  propagate  in  the  fiber,  matrix,  or  both  [85]  .  These 
cracks  may  progress  around  the  fiber,  through  the  fiber, 
along  the  fiber-matrix  interface,  or  continue  through  the 
matrix  (Figure  2.8).  The  specimen  fracture  may  not  result 
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from  a  single  crack  but  by  the  coalescence  of  several 
cracks.  Therefore,  crack  growth  itself  is  not  a  sufficient 
method  to  determine  the  fatigue  life  of  a  MMC .  Neither  can 
the  growth  of  many  of  these  cracks  be  directly  measured. 

From  the  experiments  described  above,  data  are  obtained  on 
the  mechanical  response  of  a  specimen.  Studying  the  changes 
in  these  data  over  the  fatigue  life  provides  an 
understanding  of  the  initiation  and  growth  of  damage  in  the 
specimen.  A  few  methods  for  examining  these  data  are 
described  next . 

Material  Response  Histories 

One  type  of  information  frequently  used  to  study  a  MMC 
loaded  in  fatigue  is  a  history  of  the  stress-strain  response 
(Figure  2.9).  Any  hysteresis  in  these  curves  suggests  that 
some  damage  or  deformation  has  occurred  in  the  specimen. 
Thus,  studying  the  stress-strain  response  provides  a  method 
to  quantify  the  initiation  and  growth  of  damage  and 
deformation  in  a  MMC. 

Another  method  of  studying  the  lamina  response  is  to 
plot  the  change  in  the  dependent  variable  as  a  function  of 
the  fatigue  cycles.  For  example,  in  the  load  controlled 
mode,  the  maximum  and  minimum  strain  in  a  fatigue  cycle  are 
plotted.  These  values  are  plotted  for  several  cycles  over 
the  fatigue  life  (Figure  2.10).  In  the  strain  controlled 
mode,  the  maximum  and  minimum  stress  are  plotted  as  a 
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Figure  2.9  Typical  o-e  History  in  a  MMC 


Figure  2.10  Typical  Strain  History  m  a  Load 
Controlled  Fatigue  Test 
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N 

Figure  2.12  Elastic  Modulus  History 
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function  of  fatigue  cycles  (Figure  2.11).  Any  change  in  the 
dependent  variable  is  an  indication  of  damage  or  deformation 
in  the  specimen. 

Finally,  measuring  a  change  in  some  material  properties 
also  provides  a  method  to  quantify  damage  in  a  MMC .  In 
composites,  the  modulus  as  a  function  of  fatigue  cycles  is 
generally  used  [83,  53,  101].  A  typical  history  of  the 
modulus  for  a  MMC  subjected  to  fatigue  is  shown  in  Figure 

2.12.  Any  loss  in  stiffness  is  an  indication  of  damage. 

Fatigue  Life  Curves 

It  is  desirable  to  show  a  relationship  between  the 
fatigue  life  of  a  specimen  and  the  applied  load  or  strain. 
One  such  method  for  plotting  these  data  has  been  suggested 
by  Talreja  [106] .  In  this  method,  three  regions  of  damage 
were  correlated  to  the  fatigue  life  of  a  unidirectional 
polymeric  composite.  This  is  shown  schematically  in  Figure 

2.13.  Region  I  corresponds  to  fiber  breakage  and  the 
resulting  fiber-matrix  interfacial  debonding.  The  scatter 
band  in  this  region  accounts  for  variations  in  fiber 
strength  and  matrix  ductility.  Damage  in  Region  I  is 
characterized  as  non-progressive.  Non-progressive  damage  is 
defined  as  damage  that  results  in  a  rapid  failure  of  the 
specimen  without  any  prior  degradation  in  the  specimen 
response.  On  the  other  hand,  progressive  damage  is  defined 
as  damage  that  grows  from  an  early  stage  of  fatigue  life  to 
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-  Catastrophic  Failure 

Fiber  Fracture,  Interfadai  De bonding 


Region  I 


Region  II 


Progressive  Failure: 
Matrix  Cracking, 
Interfadai  Shear 
Failure 


Region  m 
Matrix  Fatigue  Limit 


Figur*  2.13  Fatigue  Curve  Partitioned  into  Three  Damage 
Regions 


the  final  specimen  failure.  Region  II  corresponds  to 
progressive  fatigue  damage.  Damage  mechanisms  in  Region  II 
include  matrix  cracking  and  fiber-matrix  interface  failure. 
Region  III  corresponds  to  the  matrix  fatigue  limit.  In  this 
region,  matrix  cracking,  if  it  does  occur,  is  non¬ 
propagating.  Thus,  the  three  region  fatigue  curve  provides 
a  useful  tool  for  depicting  a  relationship  between  the 
damage  mechanisms,  the  fatigue  life,  and  the  applied  load  or 
strain. 
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In  this  section  a  few  of  the  experimental  techniques 
used  in  testing  of  MMCs  were  presented.  Some  of  the  more 
predominate  testing  environments  were  discussed.  Also,  a 
few  methods  to  examine  the  experimental  data  were  reviewed. 
These  methods  demonstrated  how  the  initiation  and 
progression  of  damage  in  a  MMC  subjected  to  fatigue  could  be 
identified.  With  this  background  of  definitions,  a  review 
of  some  recent  work  in  testing  of  MMCs  is  presented  next. 

Recent  Studies  In  Metal  Matrix  Composite  Testing 

Few  experimental  studies  are  available  for  the  SCS- 
6/Ti-15-3  composite  system.  The  available  work  has 
involved:  static  testing  at  room  and  elevated  temperatures, 
TF,  IF  and  TMF  under  load  control,  and  a  few  strain 
controlled  tests  in  isothermal  conditions.  The  emphasis  for 
this  previous  work  has  been  to  understand  the  mechanical 
property  degradation  and  investigating  the  characteristic 
damage  mechanisms  in  MMCs .  This  section  provides  a  brief 
review  of  some  of  the  main  static  and  fatigue  investigations 
of  the  SCS-6/Ti-15-3  MMC. 

Learch  and  Saltsman  [63]  performed  static  tests  on  the 
SCS-6/Ti-15-3  composite.  The  application  temperatures  were 
room  temperature  and  427°C  (800°F).  Tensile  specimens  were 
loaded  in  the  strain  mode  control  at  a  rate  of  .0001 
mm/mm/s.  The  lamina  and  laminate  orientations  were  [0]8, 
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[90]  8,  [90/0  ]  2s/  [0/90]  2s,  [±30]2s,  [±45]2s,  and  [±60]2s. 

Several  damage  states  were  identified  and  were  found  to  be 
highly  influenced  by  the  fiber  architecture. 

Majumdar  and  Newaz  [68]  performed  static  tests  on  the 
0°  and  90°  SCS-6/Ti-15-3  laminas .  Tests  were  performed  at 
room  temperature  and  538°C  (1000°F) .  Specimens  were  loaded 
in  the  strain  control  mode  at  a  strain  rate  of  .002  mm/mm/s. 
They  observed  that  inelastic  deformation  of  the  0°  lamina 
was  dominated  by  matrix  plasticity.  Reaction  zone  cracks 
and  grain  boundaries  were  the  main  sites  for  dislocation  and 
slip-band  nucleation.  Conversely,  inelastic  deformation  of 
the  90°  lamina  occurred  by  both  fiber-matrix  interface 
damage  and  matrix  plasticity.  A  characteristic  three-stage 
deformation  behavior  was  identified.  Deformation  in  Stage  I 
was  elastic.  Inelastic  deformation  in  Stage  II  was 
dominated  by  fiber-matrix  interface  damage,  but  some 
microyielding  of  the  matrix  did  occur.  In  Stage  III,  matrix 
plasticity  became  largely  concentrated  in  intense  shear 
bands  between  the  fibers,  which  lead  to  crack  initiation  and 
specimen  failure. 

Johnson  et  al.  [54]  tested  five  different  lay-ups  of 
the  SCS-6/Ti-15-3  system  at  room  temperature  under  the  load 
control  mode.  In  static  test  conditions,  they  found  that 
the  off-axis  plies  (90°  and  45°)  suffered  fiber-matrix 
interface  failures  at  stress  levels  as  low  as  140  MPa  (20 
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Ksi),  which  is  below  the  composite  yield  stress.  This 
significantly  affected  the  mechanical  properties  of  the 
laminate.  Fatigue  tests  were  performed  to  determine  the 
number  of  cycles  to  failure  versus  the  stress  range.  For 
laminates  containing  0°  plies,  it  was  found  that  the  stress 
in  the  0°  fiber  could  be  used  to  correlate  the  fatigue 
lives . 

Ermer  [26]  tested  the  0°  SCS-6/Ti-15-3  MMC  under  TF. 

The  temperature  range  was  149-427°C  (300-800°F) .  A 
degradation  in  the  reaction  zone  was  noted  after  the  first 
500  thermal  cycles  and  progressed  as  TF  continued.  No 
significant  degradation  in  the  ambient  mechanical  properties 
were  observed.  Gabb  et  al .  [32]  also  noted  that  TF  did  not 
reduce  the  mechanical  response  of  the  uniaxial  specimens  at 
elevated  temperature.  Additionally,  Ermer  found  matrix 
cracks  in  areas  were  the  fibers  were  closely  spaced.  Mall 
and  Ermer  [71]  showed  that  these  cracks  developed  and 
propagated  due  to  the  higher  state  of  stress  in  these  areas 
relative  to  locations  were  normal  fiber  spacing  was 
observed. 

Newaz  and  Majumdar  [80]  performed  TF  tests  on  the 
quasi-isotropic  ( [0/±45/90]  s)  SCS-6/Ti-15-3  MMC.  The 
temperature  range  was  316-649°C  (600-1200°F) .  As  with 
Ermer,  they  observed  matrix  cracking  and  fiber-matrix 
interface  damage.  Microscopic  analysis  at  the  specimen  edge 


26 


showed  the  presence  of  fiber-matrix  debonding  and  ply-to-ply 
separation  (delamination)  in  the  45°  and  90°  plies.  The 
propensity  for  debonding  was  found  to  be  greater  when  the 
fibers  were  closely  spaced.  An  attempt  was  made  to  model 
the  initiation  of  the  matrix  cracks  due  to  thermal  cycling. 
However,  neither  a  closed  form  solution  nor  finite  element 
analysis  proved  successful. 

Both  Ermer  [26],  and  Newaz  and  Majumdar  [80]  found  that 
there  was  a  noticeable  change  in  the  strain  as  a  function  of 
thermal  cycles.  The  strain  initially  increased,  which  was 
probably  due  to  the  coalescence  of  micro-cracks  in  the 
as-received  material.  Then  it  decreased  to  a  constant 
value.  The  ensuing  decrease  might  have  been  the  result  of 
age  hardening  of  the  matrix  [101] ,  which  led  to  an  increase 
in  the  stiffness  of  the  specimen. 

Gabb  et  al.  [32]  looked  at  the  0°  SCS-6/Ti-15-3  MMC 
under  IF  and  TMF  conditions .  They  found  that  the  MMC  had  a 
good  IF  resistance  at  300°C  (570°F) .  This  behavior  was  also 
observed  at  550°C  (1020°F)  for  low  cyclic  stresses.  At 
550°C  and  high  cyclic  stresses,  the  stress  relaxation  in  the 
matrix  reduced  the  composite  fatigue  resistance.  They  found 
that  matrix  cracks  initiated  from  the  fiber -matrix 
interfaces  and  foil  laminations.  Finally,  they  observed 
that  TMF  substantially  degraded  the  composite  fatigue 
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resistance.  This  degradation  was  produced  by  TMF  damage 
mechanisms  associated  with  the  fiber-matrix  interfaces. 

Majumdar  and  Newaz  [67]  performed  IF  and  TMF  tests  of  a 
SCS-6/Ti-15-3  quasi-isotropic  ( [0/±45/90]s)  MMC .  The  TMF 
and  IF  tests  were  performed  in  load  control  over  a 
temperature  range  of  316-649°C  (600-1200°F)  and  649°C 
(12Q0°F) ,  respectively.  For  the  TMF  specimens,  a  good 
correlation  was  obtained  between  the  measured  strain  range 
and  the  TMF  life.  On  a  stress  range  basis,  the  TMF  life  was 
significantly  shorter  than  the  IF  life.  For  the  specimens 
subjected  to  IF,  damage  mechanisms  consisted  of  transverse 
microcracks  oriented  perpendicular  to  the  loading  axis.  In 
specimens  tested  under  TMF,  similar  transverse  microcracks 
were  observed  very  close  to  the  fracture  surface. 
Additionally,  significant  interply  delamination,  parallel  to 
the  loading  axis,  was  observed  both  near  and  away  from  the 
fracture  surface.  Most  of  the  microcracks  originated  at  the 
fiber-matrix  interface  or  in  the  fiber-matrix  reaction  zone. 

Schubbe  [101]  conducted  in-phase  (IP)  and  out-of -phase 
(OP)  TMF  tests  on  the  [0/90]  2S  SCS-6/Ti-15-3  MMC.  Schubbe 
employed  the  load  control  mode  over  a  temperature  range  of 
149-427°C  (300-800°F) .  An  attempt  was  made  to  correlate  the 
damage  by  defining  a  damage  parameter 
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where  E0  was  the  initial  modulus  and  E  was  the  instantaneous 
modulus.  Damage  values  in  the  range  of  .1-.2  were  found  at 
the  failure  points  of  the  specimens.  However,  no 
correlation  between  the  tests  parameters  and  the  path  to 
this  point  could  be  made.  Schubbe  also  noted  that  there  was 
a  significant  increase  in  the  modulus  for  many  of  the 
specimens  tested.  This  was  most  likely  due  age  hardening  of 
the  matrix. 

Gayda  et  al.  [34]  conducted  IF  tests  at  300°C  (570°F) 
and  550°C  (1020°F),  under  the  strain  control  mode  on  the  Ti- 
15-3  matrix  alloy.  They  noted  that  the  fatigue  life  at 
550°C  was  superior  to  that  at  300°C,  which  was  due  to  a 
difference  in  the  mean  stress.  At  300°C  there  was 
negligible  stress  relaxation,  and  the  mean  tensile  stress 
was  constant  throughout  the  test.  As  a  result,  they  found 
that  the  stress  range  after  half  of  the  fatigue  life  (half 
life)  was  essentially  unchanged.  At  550°C  the  mean  stress 
approached  zero,  and  the  stress  ratio  went  to  -1  by  the  half 
life.  Thus  at  550°C,  stress  relaxation  in  the  matrix  had  a 
significant  effect  on  the  fatigue  life. 

Pollock  and  Johnson  [85]  conducted  isothermal  static 
and  IF  tests  on  the  Ti-15-3  matrix  alloy  and  SCS-6/Ti-15-3 
0°  MMC.  The  matrix  alloy  was  subjected  to  fatigue  under  the 


strain  control  mode,  while  the  load  control  mode  was  used 
for  the  MMC.  Tests  were  conducted  at  room  temperature  and 
650°C  (1200°F).  For  the  matrix  alloy,  they  found  that  the 
room  temperature  modulus  was  independent  of  the  control 
mode,  but  the  ultimate  tensile  strength  was  19%  lower  in  the 
strain  controlled  mode.  At  650°C  the  elastic  response  was 
the  same  for  each  test.  At  this  same  temperature,  the 
inelastic  response  was  dependent  on  the  control  mode.  These 
observations  indicated  a  dependence  on  the  loading  history. 
Also,  several  laminates  containing  0°  plys  were  tested  in 
fatigue  at  650°C.  The  fiber  reinforcement  was  found  to 
significantly  increase  the  static  and  fatigue  strengths  of 
the  laminates  over  that  of  the  matrix  material  at  elevated 
temperature,  but  the  increase  was  insignificant  at  room 
temperature.  Initial  damage,  in  either  the  fibers  or  the 
matrix,  was  partitioned  as  a  function  of  the  life  and  strain 
range  in  the  constituents.  They  found  that  high  strains  and 
short  lives  resulted  in  multiple  fiber  fractures  with  no 
signs  of  matrix  cracking.  At  low  strains  and  long  fatigue 
lives,  extensive  matrix  cracking  was  observed,  and  there  was 
no  fiber  damage  away  from  the  fracture  surface.  It  was  also 
observed  that  the  matrix  was  too  weak  to  cause  fiber-matrix 
interface  failure  prior  to  matrix  yielding  at  650°C.  The 
laminate  fatigue  life  was  hypothesized  to  be  a  function  of 
the  stress  in  the  0°  fibers.  When  comparing  the  room 
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temperature  to  the  high  temperature  fatigue  lives,  a  larger 
scatter  band  was  observed  at  the  elevated  temperature. 

Gayda  and  Gabb  [35]  performed  constant  amplitude, 
strain  control  tests  on  the  90°  SCS-6/Ti-15-3  MMC  and  the 
Ti-15-3  neat  matrix  at  426°C.  They  found  that  the  fatigue 
life  of  the  MMC  was  shorter  than  that  of  the  neat  matrix. 
Additionally,  they  observed  that  fiber  spacing  and  the 
fiber-matrix  interface  bond  strength  had  a  significant 
effect  on  the  stress-strain  response  of  the  lamina. 

This  section  summarized  some  recent  experimental  work 
on  the  SCS-6/Ti-15-3  system.  From  this  review,  major 
observations  and  findings  can  be  summarized  as  follows: 

1)  The  high  strength  of  the  matrix,  relative  to  the 
fiber,  makes  it  a  significant  load  carrying  component  for 
MMCs . 

2)  The  fiber-matrix  interface  is  a  dominant  factor  in 
the  fatigue  life  under  all  loading  conditions. 

3)  TMF  life  is  consistently  shorter  than  IF  life. 

4)  Transverse  microcracking  in  off-axis  plies  (90°  and 
45°)  is  a  predominant  damage  mechanism. 

5)  The  stiffness  of  Ti-15-3  matrix  increases  when 
exposed  to  elevated  temperatures . 

6)  Closely  spaced  fibers  are  sources  of  damage  in  the 
as-received  MMC  and  the  MMC  subjected  to  fatigue. 
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7)  No  study  is  available  which  addresses  the  stated 
objectives  of  this  investigation. 

Analytical  Models 

Some  models  have  been  developed  to  analyze  the  fatigue 
response  of  a  MMC.  A  few  models  for  predicting  the  response 
of  a  unidirectional  MMC  and  a  MMC  laminate  are  reviewed  in 
this  section.  Also,  a  brief  introduction  is  given  to  the 
models  that  were  used  in  this  study. 

Unifli  t.g.s.  Li  anal . Model  s. 

The  concentric  cylinder  model  [40,  41]  has  been  adopted 
by  a  few  researchers  [23,  34]  to  predict  the  response  of  the 
0°  lamina  subjected  to  fatigue.  Figure  2.14  shows  a 
schematic  of  the  concentric  cylinder  model  (CCM) .  The  CCM 
is  a  cylindrical  matrix  surrounding  a  cylindrical  fiber. 

Assuming  axisymmetric,  generalized  plane  strain 
conditions,  the  model  is  capable  of  predicting  axial  (oz) 
radial  (or)  and  tangential  (ot)  stresses  in  the  matrix  and 
fiber.  These  stresses  and  strains  are  based  on  solving  for 
the  radial  displacement 

u  =Ar+—  (a. 3) 

1  r 

where  r  is  the  radial  coordinate  and  A  and  B  are  constants. 
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Figure  2.14  Concentric  Cylinder  Model  (CCM) 


For  the  fiber  and  matrix  Equation  2.3  has  the  form 

Q 

ur  =A„n—£  for  rfzrzra 

(2.4) 

ur=  Afz  for  r  sr, 

where  rf  and  rm  refer  to  fiber  and  matrix  radial 
coordinates,  respectively  (Figure  2.14). 

To  solve  for  the  unknowns  in  Equation  2.4,  the 
following  boundary  conditions  must  be  satisfied: 


uf(rf)  =uaUf) 

orU„)=0  (2.5) 

°r.(rf)  =of,(r/) 

Finally,  it  is  easy  to  incorporate  different 
constitutive  models  into  a  computer  code  based  on  the  CCM. 
Gayda  et  al.  [34]  used  a  simple  empirical  scheme  to  model 
the  matrix  creep  deformation.  Coker  and  Ashbaugh  [23]  have 
employed  the  theories  of  Bodner  [14]  to  model  the 
elastic-viscoplastic  behavior  of  the  matrix. 

Unlike  the  longitudinal  response  of  a  MMC,  the 
transverse  response  of  a  MMC  is  heavily  influenced  by  the 
fiber-matrix  interface  damage.  Most  classical 
micromechanics  theories  can  not  be  applied  since  certain 
boundary  and  compatibility  conditions  would  be  violated. 

Some  attempts  have  been  made  to  model  this  behavior  but  have 
had  limited  success. 

Highsmith  et  al.  [47]  used  the  self  consistent  model 
(SCM)  to  determine  the  transverse  material  properties  and 
the  stress  response  of  a  MMC  under  some  general  loading 
conditions.  The  SCM  is  shown  schematically  in  Figure  2.15. 
Essentially,  this  is  a  concentric  cylinder  model  in  an 
infinite  medium  of  orthotropic  composite  material.  The 
system  of  equations  to  determine  the  stresses,  or  strains, 
in  the  fiber  and  matrix  are  similar  to  those  explained  for 
the  CCM,  but  a  few  more  boundary  conditions  are  imposed  to 
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Figure  2.15  Self  Consistent  Model  (SCM) 


account  for  the  third  material  (the  orthotropic  infinite 
medium) .  Since  some  compatibility  and  boundary  conditions 
would  be  violated,  this  approach  is  not  capable  of  modeling 
damage  a  MMC . 

A  few  studies  [54,  81,  82,  93]  have  modeled  the 
transverse  response  of  a  MMC  with  the  finite  element  method 
(FEM) .  A  typical  finite  element  mesh  is  shown  in  Figure 
2.16.  If  gap  elements  are  contained  in  the  mesh,  the  fiber- 
matrix  interface  damage  can  be  modeled.  A  good  insight  into 
the  distribution  of  stress  can  be  obtained  through  either  a 


Figure  2.16  Typical  Finite  Element  Mesh  Used  to 


Analyze  a  MMC  [80] 

two-dimensional  or  three-dimensional  solution.  However, 
even  for  one  fatigue  cycle,  the  solutions  are  extremely  time 
consuming,  so  it  is  not  practical  to  study  the  fatigue 
response  of  a  MMC  using  this  method. 

Finally,  Gayda  and  Gabb  [35]  successfully  modeled  the 
transverse  response  of  the  SCS-6/Ti-15-3  unidirectional  MMC 
with  a  series  of  springs  (Figure  2.17).  Alternate  rows  of 
matrix  elements  and  fiber-matrix  elements  were  used  to 
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Figure  2.17  Schematic  of  the  Spring  Model 


simulate  the  unidirectional  lamina.  To  account  for  random 
fiber  spacing,  the  fiber  fraction  of  the  fiber-matrix 
elements  were  varied.  The  stiffness  of  each  element  (Ke) 
within  a  column  was  defined  by 


(2.6) 


where  Ef  is  the  fiber  modulus,  Em  is  the  matrix  modulus,  and 
Lf  is  the  fiber  content  of  an  element.  From  this 
consideration,  the  stiffness  of  each  column  (Cl,  C2,...  Cn) 
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shown  in  Figure  2.17  was  calculated  by  summing  the 
individual  element  stiffnesses.  An  incremental  displacement 
of  each  column  was  then  computed  by  dividing  the  load 
increment  by  the  total  column  stiffness.  Total  lamina 
displacement  was  then  calculated  by  summing  the 
displacements  of  all  the  columns  in  series. 

The  spring  model  took  into  account  fiber-matrix 
interface  damage,  matrix  plastic  deformation,  and  matrix 
creep  deformation.  The  interface  damage  was  modeled  by 
assigning  a  bond  strength  to  each  fiber-matrix  element. 

When  the  stress  in  an  element  exceeded  this  bond  strength, 
the  stress  of  that  element  was  set  equal  to  zero.  Any 
stress  carried  by  this  element  was  then  transferred  to  the 
remaining  elements  within  the  column.  An  element  could  not 
sustain  a  tensile  load  (tensile  stiffness  equals  zero)  after 
it  had  failed  but  could  sustain  a  compressive  load.  Matrix 
plastic  deformation  was  accounted  for  by  using  a  simple 
isotropic  hardening  rule.  Finally,  using  data  from 
relaxation  tests,  a  virtual  creep  stress  was  calculated  for 
each  column  to  simulate  the  time  dependent  deformation 
(matrix  creep) . 

Aboudi  has  developed  a  continuum  model  for  predicting 
the  average  behavior  of  a  unidirectional,  fiber-reinforced 
composite  whose  constituents  are  elastoplastic  work 
hardening  materials.  The  derived  constitutive  theory  is 
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summarized  in  Reference  2 .  This  model  has  been  incorporated 
in  a  computer  program  called  EPC  [43] . 

The  Aboudi  model,  or  method-of -cells ,  is  based  on  the 
assumption  that  the  continuous  fibers  extend  in  the  xt 
direction  and  are  arranged  in  a  doubly  periodic  array  in  the 
x2-x3  directions  (Figure  2.18a).  As  a  result  of  this 
periodic  arrangement,  it  is  sufficient  to  analyze  a 
representative  cell  as  shown  in  Figure  2.18b.  The  model  is 
formulated  to  predict  the  average  behavior  of  the  composite 
using  a  first  order  theory  in  which  the  displacements  in 
each  subcell  are  expressed  linearly  in  terms  of  the 
distances  from  the  center  of  the  subcell.  The  effective 
constitutive  relations  are  generated  by  imposing  continuity 
of  displacements  and  tractions  across  the  boundaries  of  the 
individual  subcells.  Closed-form  expressions  that  relate 
the  overall  applied  stresses  to  the  stresses  in  the  fiber 
and  the  individual  subcells  of  the  matrix  predict  the 
effective  response  of  the  composite  under  arbitrary 
loading  conditions. 

The  present  continuum  theory  assumes  that  both  the 
fiber  and  matrix  are  elastic  in  the  linear  region  and 
plastic  work-hardening  in  the  nonlinear  region.  The 
elastic-viscoplastic  formulation  of  Bodner  [14]  was  used  to 
characterize  the  material  in  the  inelastic  region.  This 
unified  theory  can  characterize  the  plastic  behavior  of  a 
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Figure  2.18  Method-of -Cells 


material  with  isotropic  work-hardening  and  temperature 
dependent  properties.  Anisotropic  hardening  with  the 
multidimensional  Bauschinger  effect  can  also  be  incorporated 
in  the  unified  theory  of  Bodner  [14]  .  For  an  elastic- 
plastic  material  with  isotropic  hardening,  the  plastic 
strain  rates  are  given  by  the  Prandtl-Reuss  flow  rule  where 
plastic  incompressibility  is  assumed. 


A  few  models  have  been  developed  to  predict  the 
laminate  fatigue  behavior  of  MMCs.  These  models  may  include 
off-axis  plies.  Among  them  are  METCAN  (METal  matrix 
Composite  ANalyzer)  and  AGLPLY .  The  next  few  pages  provides 
a  review  of  these  models. 

METCAN 

METCAN  [22]  (METal  matrix  Composite  ANalyzer)  is  a 
FORTRAN  based  computer  code  designed  to  perform  linear  and 
nonlinear  analysis  of  MMCs.  METCAN  is  based  on  the  multi¬ 
cell  model  (MCM)  to  predict  the  behavior  of  the  fiber, 
matrix,  and  interphase  regions  in  a  MMC.  The  MCM  (Figure 
2.19)  is  partitioned  into  three  distinct  subregions  to 
characterize  the  through-the-thickness  nonuniformity  of 
structure  and  constituent  material  properties. 

Based  on  the  strength  of  materials  approach,  Hopkins 
and  Chamis  [48]  developed  a  unique  set  of  micromechanics 
equations  for  use  in  the  analysis  of  MMCs.  Fundamental 
principles  of  displacement,  compatibility,  and  force 
equations  were  used  in  formulating  the  set  of  equations. 

This  set  of  micromechanics  equations  are  derived  for  the 
transversely  isotropic  case  (isotropic  in  the  X2-X3  plane) 
under  the  assumption  of  isotropic  constituent  materials. 
Finally,  Chamis  et  al.  [22]  adopted  this  formulation  into 
the  computer  code  METCAN. 


Figure  2.19  Multi-Cell  Model  (MCM) 


The  equations  mentioned  above  are  closed  form 
expressions  derived  to  give  equivalent  pseudo  homogenous 
properties  for  a  unidirectional  fiber  reinforced  ply.  They 
encompass  expressions  for  ply  equivalent  mechanical 
properties,  ply  equivalent  thermal  properties,  ply  in-plane 
uniaxial  strengths,  and  thermomechanical  constituent 
stresses.  These  ply  properties  are  then  used  in  various 
orientations  to  predict  average  properties  of  a  laminate. 

In  the  process,  the  program  calculates  component  parameters 
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that  include  stresses  in  the  fiber,  matrix,  and  if  desired, 
the  interphase  region  of  the  MMC. 

METCAN  can  be  used  to  predict  various  composite 
properties  and  thermal  and  mechanical  responses  under  the 
load  controlled  condition  [17]  [64] .  The  model  cannot 
predict  permanent  matrix  deformation  (plasticity  and  creep) 
nor  does  it  include  damage  mechanisms  such  as  fiber  or 
matrix  cracking,  and  fiber-matrix  interface  damage.  These 
damage  mechanisms  can  be  simulated  by  the  application  of  the 
power  law  relationship  [21] 
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where  the  variables  are  defined  as  follows: 

P  Property  of  interest 

T  Temperature 

Sf  Fracture  stress  determined  at  T0  conditions 
o  Stress 

Nm  Number  of  mechanical  cycles 

Nt  Number  of  temperature  cycles 

t  time 

The  additional  subscripts  F  and  0  denote  the  final  and 
reference  values,  respectively.  Also,  the  dotted  terms 
denote  the  time  rate  of  change  of  the  variables.  Exponents 
n,  m,  1,  k,  q,  r,  and  s  are  determined  from  the  observed  or 


expected  behavior.  Each  term  in  Equation  2.7  relates  to  a 
different  property  effect.  Once  each  of  these  terms  are 
calibrated,  Equation  2.7  can  simulate  the  behavior  of  a  MMC 
under  a  variety  of  loading  conditions.  However,  this 
calibration  requires  extensive  experimentation. 

AGLPLY 

Another  model  used  for  laminate  analysis  is  AGLPLY  [7] . 
AGLPLY  is  a  two-dimensional  laminate  code  based  on  the 
vanishing  fiber  diameter  (VFD)  model  [6] .  The  VFD  model 
consist  of  an  elastic-plastic  matrix  unidirectionally 
reinforced  by  continuous  elastic  fibers.  Both  constituents 
are  assumed  to  be  homogenous  and  isotropic.  The  fibers  are 
assumed  to  be  of  very  small  diameter,  so  that  although  they 
occupy  a  finite  volume  fraction  of  the  composite,  they  do 
not  interfere  with  the  matrix  deformation  in  the  transverse 
and  longitudinal  directions.  Figure  2.20a  shows  a  schematic 
of  the  VFD.  It  also  can  be  represented  by  parallel  fiber 
and  matrix  bars  or  plates  with  axial  coupling  (Figure 
2.20b)  . 

If  the  cartesian  coordinates  are  chosen  so  that  xx 
coincides  with  the  fiber  direction,  the  second-order  tensor 
components  of  the  stress  and  strain  are  expressed  as 


f°ll022  0  33012013  0  23^  T 

e=  [e11e22€33Y12ri3Y23]  r 


(2.8) 
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Figure  2.20  Vanishing  Fiber  Diameter  Model  (VFD) 

where  Yij  =  2ei;j;  i,  j  =1,2,3;  i  *  j;  are  the  engineering 
shear  strain  components. 


For  equilibrium  and  compatibility,  several  requirements 
are  imposed  on  the  material  model  shown  in  Figure  2.20.  The 
average  stress  in  each  constituent  can  be  related  to  the 
overall  composite  stress  in  the  longitudinal,  or  fiber, 
direction  as 

+  (2*9) 

where  a  bar  over  a  symbol  denotes  overall  composite  stress 
or  strain,  and  the  subscripts  f  and  m  denote  quantities 
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related  to  the  fiber  and  matrix.  The  volume  fractions  vf 
and  vm  are  such  that  vf  +  vf  =  1.  The  other  stress 
components  in  each  constituent  are  assumed  to  be  uniform  and 
obey  the  following  equilibrium  equations: 

°22=°f22=Oa22 

o33=af33=a“33 

^l2  =  Of12~0“l2  (2.10) 

o13=o*13-om13 
~a23=af23  =oa23 

The  only  constraint  in  the  model  is  in  the  longitudinal,  or 
fiber,  direction;  the  fiber  and  matrix  must  deform  equally: 

The  other  strain  components  can  be  related  to  the  overall 
strain  as 

*tj=vfefij*va*'’i)  (ij«* ID  (2.12) 

The  model  is  capable  of  elastic-plastic  analysis. 

AGLPLY  treats  the  fiber  as  a  linear  elastic  material,  but 
the  fiber  properties  may  be  a  function  of  temperature. 

Since  the  fibers  are  elastic  up  to  failure,  the  inelastic 
strains  of  the  lamina  are  caused  by  the  matrix.  This  model 
is  not  capable  of  modeling  the  damage  in  a  lamina.  Finally, 
Mirdamadi  et  al.  [77]  have  extended  this  model  to  include 
time  dependent  matrix  properties  in  a  program  called 
VISCOPLY. 
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Proposed  Models 

In  this  study,  the  analytical  techniques  were  required 
to  model  the  longitudinal  and  transverse  fatigue  behavior  of 
the  SCS-6/Ti-15-3  MMC.  These  models  provided  information 
which  could  not  be  experimentally  measured  or  observed  by 
microscopic  analysis.  Thus  additional  insight  into  the 
experimentally  observed  behavior  of  the  MMC  could  be  gained. 

Any  model  selected  for  use  needed  to  be  practical  to 
apply  and  be  capable  of  simulating  inelastic  deformations, 
such  as  matrix  plasticity,  matrix  creep,  and  fiber-matrix 
interface  damage.  Two  models  were  chosen  to  perform  the 
analysis.  For  predicting  the  longitudinal  response,  the  CCM 
was  used.  A  model  similar  to  the  MCM  [79]  was  used  to 
predict  the  response  when  the  MMC  was  subjected  to  a  load 
perpendicular  to  the  fiber  direction.  The  second  model 
included  some  unique  methods  to  characterize  the  effect  of 
fiber-matrix  interface  damage  on  the  lamina  response.  Each 
model  predicted  the  thermal  residual  stresses  caused  by 
processing.  A  linear  isotropic  hardening  rule  governing 
matrix  flow  was  adopted  for  each  model,  and  a  relaxation 
scheme  was  developed  to  predict  the  time  dependent  behavior 
of  the  matrix. 

Both  models  provided  the  required  information  on  the 
fatigue  behavior  of  the  MMC.  These  data  were  then  used  to 
support  and  explain  the  experimental  observations.  The 
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models  were  easy  to  apply  and  required  a  minimum  amount  of 
experimental  data  to  calibrate.  Also,  they  provided  a 
foundation  from  which  to  build  a  laminate  analysis. 
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it  &  Procedures 

This  chapter  provides  a  detailed  description  of  the 
material,  test  equipment,  and  procedures  used  in  this  study. 
A  section  is  included  to  discuss  key  features  and  material 
properties  of  the  SCS-6/Ti-15-3  Metal  Matrix  Composite 
(MMC) .  This  composite  involved  laborious  preparation  prior 
any  testing  or  microscopic  analysis.  These  procedures  are 
described  starting  with  the  pre-test  specimen  preparation. 
Elevated  temperature  fatigue  testing  of  MMCs  has  some  unique 
equipment  requirements,  so  a  section  is  included  to  explain 
the  experimental  setup.  Finally,  the  equipment  used  in  the 
microscopic  analysis  is  reviewed. 

Material  and  Specimen  Description  and  Preparation 

Material  Description 

The  MMC  used  in  this  investigation  was  the  eight  ply 
Ti-15V-3Cr-3Al-3Sn  (w/o)  metal  alloy  reinforced  by 
approximately  36  volume  percent  continuous  Silicon-Carbon 
fibers  (SCS-6) .  The  fibers  have  a  nominal  diameter  of 
0.142  mm.  These  fibers  have  an  inner  carbon  core  enclosed 
in  a  cylinder  of  bulk  SiC  with  alternating  layers  of  silicon 
and  carbon.  The  final  layer  being  carbon  [60] .  Some  key 
room  temperature  properties  of  the  fiber  and  as-received 
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Table  3.1  Key  Material  Properties  of 


SCS-6 

Neat 

Fiber  and 
Matrix 

Ti-15-3 

Fiber 

Matrix 

E  (GPa) 

400 

82 

a  (10~6  mm/mm/C) 

4.9 

10. 

V 

.25 

.36 

0utl  (MPa) 

3550 

865 

Yield  Stress 

865 

neat  matrix  are  shown  in  Table  3.1.  As  mentioned  in 
Chapter  I,  there  is  a  large  difference  in  the  coefficient  of 
thermal  expansion  (CTE)  between  the  fiber  and  matrix  for 
most  MMCs.  For  the  SCS-6/Ti-15-3  MMC,  the  CTE  of  the  matrix 
is  almost  twice  that  of  the  fiber  (Table  3.1).  This  results 
in  large  residual  stresses  (Figure  1.2)  after  cool  down  from 
the  processing  temperature  of  around  1000°C.  It  has  been 
shown  [102]  that  these  stresses  can  result  in  processing 
damage  in  the  as-received  MMC.  This  subject  is  discussed  in 
more  detail  in  Chapter  IV. 

Specimen  Description  and  Preparation 

Before  testing,  the  test  specimens  must  be  machined  and 
prepared.  Pre-test  specimen  preparation  involved:  an 
initial  inspection  of  the  as-received  plates,  cutting  the 
specimen  from  the  plates,  heat-treating  the  specimen,  and 
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polishing  the  specimen  edge  to  remove  any  damage  from 
cutting.  This  section  discusses  these  pretest  specimen 
procedures . 

Initial  Plate  Inspection 

The  first  step  in  preparing  a  test  specimen  was  a  non¬ 
destructive  evaluation  of  the  as -received  plates.  Each 
plate  had  the  nominal  dimensions  of  305mm  x  305mm  x  1.55  mm. 
The  MMC  plate  was  manufactured  by  the  Avco  Specialty  Metal, 
Textron  Corporation.  They  were  produced  by  hot  isostatic 
pressing  (HIP-ing)  alternating  layers  of  fibers  and  matrix 
together.  The  exact  procedures  are  proprietary.  To 
maintain  compatibility  among  test  results,  a  plate  of  16 
matrix  foils  alone  was  also  manufactured.  This  is  called  a 
"neat-matrix. "  Each  plate  was  inspected  for  internal  fiber 
damage,  gross  matrix  cracking,  and  ply  delamination  using 
ultrasonic  immersion  through  transmission  testing.  No 
processing  damage  was  evident  from  this  evaluation. 

Specimen  Geometry 

A  decision  must  be  made  on  the  specimen  geometry  prior 
to  cutting  the  plates.  Three  specimen  designs  (rectangular, 
rectangular  dogbone,  and  the  hourglass)  currently  used  in 
MMC  experimental  research  are  shown  in  Figure  3.1.  Gayda 
and  Gabb  [36]  performed  load  control  tests  on  the 
unidirectional  SCS-6/Ti-15-3  MMC  at  elevated  temperature. 
They  used  both  the  rectangular  and  dogbone  specimen  designs. 
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Figure  3.1  Typical  MMC  Specimen  Designs 


It  was  observed  that  the  fatigue  life  was  not  affected  by 
the  specimen  design,  and  all  of  the  rectangular  specimens 
failed  in  the  hot  zone.  For  this  investigation,  the  most 
accessible  means  of  cutting  the  specimens  was  the  diamond 
saw,  which  cannot  be  used  to  make  the  dogbone  design. 
Therefore,  rectangular  specimens,  with  nominal  dimensions  of 
152.4  mm  x  12.7  mm,  were  used  for  this  investigation. 

Heat  Treatment 

Schubbe  [101]  performed  load  controlled  TMF  tests  using 
the  as-received  SCS-6/Ti-15-3  MMC.  The  temperature  range 
was  149-427 °C.  Increases  in  the  modulus,  due  to  age 
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hardening  of  the  matrix,  up  to  20%  were  observed  early  in 
the  fatigue  life.  A  way  to  stabilize  the  microstructure, 
thus  minimizing  diffusion  induced  property  changes,  is  to 
heat  treat  the  specimen  prior  to  testing. 

Learch  et  al.  [62]  performed  a  study  to  investigate  the 
effect  of  heat  treatment  on  the  Ti-15-3  neat  matrix  and  the 
SCS-6/Ti-15-3  MMC.  They  aged  samples  of  the  matrix  and  MMC 
at  temperatures  ranging  from  300-700°C  for  periods  of  24  to 
168  hours.  Depending  on  the  temperature  and  time,  they 
observed  significant  changes  in  some  material  properties. 
Additionally,  it  was  noted  that  the  material  must  be 
protected  from  oxidation  at  temperatures  greater  than  550°C. 
This  can  be  accomplished  by  heat  treating  the  specimen  in  an 
inert  environment.  Several  studies  [35,  58,  59,  63]  have 
heat  treated  the  Ti-15-3  material  system  at  700°C  for  24 
hours  in  an  Argon  atmosphere.  In  an  attempt  to  be 
compatible  with  these  investigations,  the  specimens  used  in 
this  study  were  subjected  to  the  same  heat  treatment. 

Polishing  Procedures 

The  final  preparation  before  testing  was  to  grind  and 
polish  the  specimen  edges  to  remove  any  damage  from  cutting. 
A  Buehler  number  8  platen  mounted  on  a  Buehler  Maximet  was 
used  for  this  procedure.  Diamond  suspension  was  applied  to 
the  platen  as  an  abrasive  agent  in  the  following 
progression:  45  micron,  15  micron,  9  micron,  and  then  6 
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micron.  The  45  micron  diamond  suspension  removes  any  damage 
from  the  cutting  process  and  flattens  the  side  of  the 
specimen.  This  still  leaves  long,  deep,  scratches  in  the 
specimen,  which  inhibits  the  clarity  of  edge  replicas.  As 
the  diamond  suspension  becomes  finer,  these  scratches  are 
removed.  The  edge  of  a  typical  specimen  after  this 
procedure  is  shown  in  Figure  3.2.  Scratches  were  still 
present,  but  they  were  easily  distinguished  from  matrix  or 
fiber  cracks  in  an  edge  replica. 


Figure  3.2  Specimen  Edge  After  Polishing 
(100X) 


54 


!UL=i* 


Hi 


The  test  system  used  in  this  study  consisted  of  the 
following  three  subsystems:  a  mechanical  loading  subsystem, 
a  temperature  control  subsystem,  and  a  data  acquisition 
subsystem.  A  block  diagram  of  the  entire  test  system  is 
shown  in  Figure  3.3.  This  section  identifies  the  type  of 
equipment  used  in  each  subsystem. 


Figure  3.3  Block  Diagram  of  Test  System 
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All  of  the  relaxation  and  fatigue  tests  were  conducted 
on  a  22  Kip  servo -hydraulic  (Material  Test  System  (MTS) 
model  810)  test  frame.  This  test  frame  was  configured  with 
100  MPa  water  cooled,  hydraulic  grips.  A  MTS  quartz  rod, 
air  cooled,  extensometer  (model  632.50B-4)  measured  the 
displacement  inside  the  12.7  mm  gauge  length  (Figure  3.4). 
The  MTS  Microprofiler  (model  458.91)  served  as  the  function 
generator.  This  in  conjunction  with  a  MTS  DC  Controller 
(model  458.11)  and  the  quartz  rod  extensometer  provided  the 
closed-loop  system  to  maintain  the  desired  mechanical 
parameters . 

Temperature  Control  Subsystem 

The  elevated  temperature  environment  was  controlled  by 
two  1000  watt,  tungsten  filament,  water  cooled,  parabolic 
strip  heaters.  The  strip  heaters  were  controlled  by  a 
Micricon  (model  82322)  controller  [76] .  To  minimize  thermal 
gradients  in  the  gauge  section,  the  strip  heaters  were 
slightly  offset  from  one  another  (Figure  3.5).  Three 
Chromel-Alumel  (type-K)  thermocouples  were  used  as 
temperature  feedback  transducers.  Two  of  these  were 
connected  to  the  Micricon,  and  one  was  used  as  part  of  the 
data  acquisition  subsystem. 
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Data  Acquisition..  Subsystem 

A  Personal  Computer  (PC)  was  required  to  monitor  the 
test  parameters  and  gather  the  required  data  for  storage  on 
the  hard  disk.  The  PC  utilized  in  this  study  was  a  Zenith 
248  configured  with  a  80286  microprocessor  and  a  80287  math 
coprocessor.  A  software  program  was  written  by  the  student 
in  Microsoft  QuickC  to:  provide  all  the  base  instructions  to 
the  Micricon  and  the  Microprofiler  to  generate  their 
specific  functions,  monitor  the  test  parameters,  and  gather 
temperature,  stress,  and  strain  data  for  any  given  cycle. 

To  prevent  a  test  specimen  from  buckling,  a  passive 
feedback  and  control  system  was  used  [9] .  This  system  was 
only  activated  after  the  stress  and  strain  data  over  a  cycle 
was  acquired.  If  the  minimum  stress  was  close  to  zero,  the 
Microprofiler  program  was  updated  to  increase  the  minimum 
output  voltage.  Thus,  the  specimen  never  experienced  any 
compressive  stresses.  This  resulted  in  an  increasing  ratio 
of  the  mino-mum  strain  to  the  maximum  strain  (Figure  3.6), 
which  will  be  referred  to  as  the  decreasing  amplitude  or 
hybrid  strain  control  mode. 

The  output  voltages  of  the  transducers  (load  cell, 
extensometer  and  one  thermocouple)  were  read  from  a  Techmar 
Labmaster  analog-to-digital  (A/D)  converter  board.  The 
sampling  frequency  of  the  A/D  board  was  measured  at 
approximately  7,500  samples  per-second  per-channel.  One 
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Figure  3.6  Decreasing  Strain  Amplitude 
Profile 

thousand  pairs  of  voltage  data  were  gathered  on  any  given 
cycle.  These  data  were  then  converted  to  stress  and  strain 
values.  Every  fifth  pair  of  these  values  were  written  to  a 
data  file  and  saved  on  the  hard  disk.  A  sample  stress- 
strain  curve,  consisting  of  the  200  data  points  saved  to  a 
disk  file,  is  shown  in  Figure  3.7.  This  is  practically  a 
continuous  curve,  providing  an  accuracy  on  the  order  of  a 
few  MPa.  A  separate  data  file  was  also  built  during  a  test 
which  contained  a  record  for  each  cycle.  An  extract  from 
this  type  of  file  is  shown  in  Table  3.2.  Each  record 
consists  of:  the  cycle  number,  maximum  and  minimum  stress 
levels,  maximum  and  minimum  strain  levels,  current 
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Fioure  3.7  Typical  Stress-Strain  Curve  from 
a  Data  File  (200  points) 


Table  3.2  Extract  from  Fatigue  Test  Data  File 


Stress 

(MPa) 

Strain 

(mm/mm) 

T 

Modulus 

Cycle 

Max 

Min 

Max 

Min 

(°C) 

(GPa) 

★★★★★★★ 

★★★★★★★ 

★★★★★★★ 

★  ★  ★  ★  ★ 

1 

211.0 

17.7 

0.00457 

0.00042 

425 

42.47 

5 

203.6 

18.5 

0.00449 

0.00043 

427 

43.70 

10 

201.2 

18.5 

0.00449 

0.00043 

427 

43.21 

200 

187.2 

13.5 

0.00450 

0.00050 

426 

42.03 

345 

174.5 

1.2 

0.00450 

0.00053 

428 

42.04 

350 

173.7 

1.6 

0.00452 

0.00054 

427 

41.64 

354 

173.7 

1.6 

0.00452 

0.00054 

427 

41.64 

temperature  inside  of  the  gage  section,  and  the  modulus. 
These  data  files  provided  all  the  information  required  to 
generate  the  post  fatigue  test  plots. 

Experimental  Procedures 

Experimental  procedures  for  this  research  involved 
performing:  initial  material  measurements,  relaxation  tests, 
fatigue  tests,  and,  periodically,  interrupting  some  fatigue 
tests  to  obtain  edge  replicas.  Finally,  data  reduction  was 
performed  after  each  test.  This  section  describes  these 
procedures  along  with  test  matrices. 

Material  Property  Measurements 

The  first  series  of  tests  involved  measuring  the 
properties  of  the  as-received  and  aged  material.  A  room 
temperature  and  elevated  temperature  (427  °C)  modulus  was 
measured  for  each  specimen  in  the  as-received  condition. 

The  coefficient  of  thermal  expansion  (CTE)  was  also 
measured.  After  each  specimen  was  heat  treated,  and  these 
material  properties  measured  again. 

Fatigue  and  Relaxation  Tests 

Relaxation  and  fatigue  tests  were  conducted  at  427°C. 
Test  matrices  for  the  neat  matrix  and  the  0°  and  90°  laminas 
are  shown  in  Tables  3.3,  3.4,  and  3.5,  respectively.  These 
strain  levels  were  selected  based  on  static  tests  data 
available  in  the  literature  [63] .  From  these  data,  the 
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Table  3.3  Ti-15-3  Test  Matrix 


Specimen 

Test 

^  max 

# 

Type 

(%) 

1 

R 

.5 

2 

R 

.6 

3 

R 

.3 

4 

R 

.5 

5 

R 

.4 

6 

F 

.7 

7 

p 

.  5 

8 

F 

.4 

9 

F 

.25 

10 

F 

.6 

R  =  Relaxation 

F  =  Fatigue 

Table  3.4 

[0]8 

Test  Matrix 

Specimen 

Test 

# 

Type 

(%) 

1 

F 

.6 

2 

F 

.7 

3 

F 

.5 

4 

F 

.5 

5 

F 

.5 

6 

F 

.45 

7 

F 

.7 

8 

F 

.7 

9 

F 

.5 

10 

F 

.5 

13 

F 

.4 

F  =  Fatigue 

Table  3.5  [ 9 0 ] 8  Test  Matrix 


Specimen 

Test 

^  max 

# 

Type 

(%) 

1 

F 

.25 

2 

F 

.4 

3 

F 

.  1 

4 

F 

.2 

5 

F 

.45 

6 

F 

.3 

7 

F  =  Fatigue 

F 

.2 

maximum  strain  levels  were  chosen  in  the  linear  and  non¬ 
linear  regions  of  the  stress-strain  curves.  All  of  the 
fatigue  tests  were  run  under  the  strain  controlled  loading 
mode  at  a  strain  rate  of  0.002  mm/mm/s.  The  initial  ratio 
of  the  minimum  strain  to  the  maximum  strain  was  set  to  0.05. 
For  the  relaxation  tests,  each  specimen  was  loaded  at  a 
strain  rate  of  .002  mm/mm/s,  which  matched  the  strain  rate 
in  fatigue. 

Edge  replicas  were  periodically  taken  during  some 
fatigue  tests.  In  this  technique,  a  permanent  impression  of 
the  specimen  edge  is  produced  on  a  cellulose  acetate  film 
[53] .  The  advantage  of  this  method  is  that  the  replica  can 
be  taken  while  the  specimen  is  still  in  the  test  machine. 
Replicas  were  taken  at  room  temperature  while  the  specimen 
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was  being  subject  to  75%  of  the  maximum  observed  load.  Each 
replica  was  then  examined  for  details  of  damage. 

Following  each  test  the  data  were  processed.  Data 
analysis  consisted  of  plotting  the  histories  of  the  stress, 
strain,  modulus,  and  stress-strain  response.  These  curves 
were  described  in  Chapter  II. 

Post  Test  Specimen  Preparation.  Procedures,  and  Equipment 

After  completion  of  a  fatigue  test,  specimens  were 
studied  to  identify  damage  mechanisms.  Some  untested 
specimens  were  also  examined,  which  helped  to  identify 
damage  in  the  as-received  MMC.  Each  specimen  was  viewed 
over  a  wide  range  of  magnifications  using  optical 
microscopes,  scanning  electron  microscopes  (SEM) ,  and 
transmission  electron  microscopes  (TEM) .  A  detailed 
understanding  of  the  damage  mechanisms  were  obtained  in  this 
manner.  This  section  describes  the  specimen  preparation, 
procedures,  and  equipment  used  for  this  analysis. 

Initial  Post-Mortem  Review 

The  first  step  to  identify  damage  was  a  low 
magnification  viewing  on  an  Epiphot  optical  microscope. 

This  revealed  such  damage  mechanisms  as  fiber  cracks  on  the 
specimen  edge  and,  when  a  specimen  did  fail,  gave  some 
insight  to  how  the  specimen  failed.  For  example,  was  the 
fracture  surface  the  result  of  a  static  overloading  or  was 
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it  the  result  of  matrix  cracking.  This  initial  review  was 
from  the  fracture  surfaces  of  the  failed  specimens. 

Specimen  Preparation  -  Optical  and  SEM 

To  gain  a  more  detailed  understanding  of  the  damage, 
the  specimens  were  sectioned.  Samples  of  each  specimen  were 
taken  perpendicular  and  parallel  to  the  loading  direction 
(Figure  3.8).  This  was  accomplished  using  a  low  speed 
diamond  saw.  These  samples  were  then  mounted  in  Epomet 
molding  compound  and  polished. 


A 


Loading  direction 


Perpendicular  to 
the  loading 
direction 


Parallel  to  the 
loading  direction 


Figure  3 . 8 


Schematic  Representation  of  How 
Test  Specimens  were  Sectioned 


A  labor  intensive  polishing  procedure  was  required  view 
the  fine  details  of  the  damage.  This  procedure  started  with 
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a  rough  grinding  of  a  sample  using  a  Buehler  number  8  platen 
mounted  on  a  Buehler  Maximet.  A  45  micron  diamond 
suspension  was  applied  to  the  platten  first  to  remove  any 
deep  scratches  that  occurred  from  sectioning.  Using  this 
same  diamond  suspension,  some  of  MMC  samples  were  ground 
down  to  the  top  of  the  first  layer  of  fibers.  A  decreasing 
progression  of  diamond  suspension  (15  micron,  9  micron,  and 
then  6  micron)  was  then  applied  to  the  platten.  This 
provided  a  smooth  surface  to  the  naked  eye,  but,  for  viewing 
at  the  high  magnifications,  the  specimens  still  required 
further  polishing. 

After  the  initial  polishing  on  the  Maximet,  each  sample 
was  run  through  a  series  of  Buehler  Vibromets.  The  Ti-15-3 
matrix  is  a  much  softer  material  than  the  hard  ceramic  SCS-6 
fiber.  As  a  result,  the  procedure  described  above  polished 
more  of  the  matrix  away  then  the  fiber.  To  get  the  fiber 
and  matrix  onto  an  even  plane,  the  first  Vibromet  contained 
a  stainless  steel  mat  in  solution  of  1  micron  diamond  paste 
and  Hyperez  OS  lubricant.  After  20-30  minutes  on  this 
Vibroment,  the  specimens  were  then  placed  on  a  series  of  two 
Vibromets  for  no  less  than  eight  hours.  The  first  contained 
a  perforated  texmet  cloth  in  a  solution  of  1  micron  diamond 
paste  mixed  with  Hyperez  OS  lubricant,  while  the  second 
contained  a  nylon  cloth  over  a  perforated  texmet  in  a 
solution  of  .5  micron  diamond  paste  mixed  with  Hyperez  OS 
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lubricant.  A  final  polishing  was  done  on  a  Vibrornet  with  on 
a  micron  cloth  in  a  .06  micron  Colloidal  Silica  Neutral 
Solution  (MasterMet) .  The  specimens  were  on  this  last 
vibrornet  for  about  an  hour.  After  this  polishing  procedure 
is  completed,  the  specimens  were  ready  for  either  a 
microscopic  analysis  or  to  be  etched.  The  etching  procedure 
is  described  next. 

The  purpose  of  going  through  such  a  laborious  polishing 
process  was  to  view  the  samples  in  a  great  amount  of  detail. 
To  reveal  different  features,  a  sample  is  often  etched  in  a 
acid  based  solution  (etchent) .  Three  etchents  were  used  in 
this  research.  A  solution  of  10%  molybdic  acid  and  90% 
distilled  water  was  used  for  the  as-received  material. 

After  heat  treating  and  fatigue  testing,  Krolls  etchent  was 
used  to  highlight  the  microstructure  and  damage  mechanisms. 

A  slightly  different  etchent  was  used  when  it  was  desired  to 
observe  the  matrix  slip  bands  [59] .  In  this  case,  the 
specimen  had  an  additional  heat  treatment  at  427°C  for  24 
hours  in  an  Argun  atmosphere  prior  to  sectioning  and 
polishing.  This  additional  heat  treatment  precipitated  the 
o-phase  along  the  slip  bands.  A  solution  of  3%  ammonium 
bifluoride  and  97%  distilled  water  was  then  used.  This 
solution  attacks  the  o-phase,  making  the  slip  bands  easier 
to  identify. 
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At  this  point,  the  samples  were  ready  to  be 
investigated  using  optical  and  scanning  electron  microscopes 
(SEM) .  The  optical  microscope  gave  good  insight  into  the 
change  in  microstructure,  damage  mechanisms,  and  the 
development  of  matrix  slip  bands.  Once  an  overall  optical 
review  was  complete,  some  key  areas  were  investigated  at 
higher  magnifications  using  an  AMRAY  1810D  SEM.  The  SEM 
provided  a  detailed  view  of  the  damaged  regions,  such  as  the 
debonded  fiber-matrix  interfaces,  matrix  cracks,  and  fiber 
cracks . 

Specimen  Preparation,.-  JEM 

Besides  optical  and  SEM  microscopy,  some  specimens  were 
examined  using  a  transmission  electron  microscope  (TEM) . 

TEM  is  a  useful  tool  in  identifying  microstructure 
characteristics  and  deformation  mechanisms  on  a  small  scale 
(on  the  order  of  a  few  microns) .  Majumdar  and  Newaz  [68] 
used  a  TEM  to  identify  dislocations  in  the  as-received  and 
static  tested  SCS-6/Ti-15-3  composite.  For  this  research,  a 
JOEL  200KV  TEM  was  used  to  compare  matrix  deformation 
characteristics  of  the  as-received,  aged,  tested  specimens. 

TEM  requires  an  extremely  thin  sample  to  allow  for  the 
transmission  of  electrons .  The  samples  were  prepared  as 
follows.  A  few  2 -3mm  thick  samples  were  first  cut  from  a 
specimen.  These  samples  were  then  reduced  to  a  thickness  of 
15-17  microns  using  a  procedure  similar  to  that  described 
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above  for  the  optical  and  SEM  sample  preparation.  A  VCR 
Inc.  Dimpler  was  then  used  to  grind  a  concave  depression  in 
the  sample.  The  progression  of  diamond  suspension  used  with 
the  dimpler  was:  6  micron,  3  micron,  and  then  1  micron.  The 
thickness  of  the  dimpled  section  is  approximately  10-12 
microns  at  this  point.  Each  sample  was  then  Ion-milled. 

This  resulted  in  a  small  hole  in  the  sample,  around  which 
the  sample  was  thin  enough  to  allow  for  the  transmission  of 
electrons . 
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IV .  Exoe 


rimental  Results  and  Discussion 

This  chapter  concentrates  on  discussing  the  results 
obtained  from  the  experiments  and  damage  mechanisms  observed 
from  microscopic  analysis.  Through  systematic 
experimentation,  the  fatigue  behavior  of  the  Ti-15-3  neat 
matrix  and  SCS-6/Ti-15-3  unidirectional  MMC  were 
characterized.  For  the  MMC,  the  0°  and  the  90°  (fibers 
parallel  and  perpendicular,  respectively,  to  the  loading 
axis)  laminas  were  tested  in  fatigue.  Microscopy  techniques 
were  then  used  to  identify  damage.  In  Chapter  VI, 
analytical  models  were  applied  to  characterize, 
quantitatively,  the  fatigue  behavior  of  these  laminas.  The 
methodologies  used  in  developing  these  models  were  based  on 
the  information  explained  in  this  chapter. 

Initial  Material  Characterization 

Material  characterization  begins  with  a  thorough 
understanding  of  the  material  properties  and  microstructure 
of  the  untested  specimens.  This  section  discusses  some 
differences  between  the:  as-received  neat  matrix,  heat- 
treated  neat  matrix,  as-received  MMC,  and  the  heat-treated 
MMC.  Of  particular  interest  in  this  study  was  the  change  in 
Young's  modulus  due  to  age  hardening  of  the  matrix,  which  is 
reviewed  briefly.  The  microstructure  evolution  of  the 
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Ti-15-3  neat  matrix  and  SCS-6/Ti-15-3  MMC  subjected  to 
different  environments  were  also  investigated.  This  data 
provided  a  baseline  to  which  the  specimens  tested  in  fatigue 
were  compared. 

Material  Properties 

Table  4 . 1  shows  the  summary  of  Young ' s  modulus  tor  the 
Ti-15-3  neat  matrix  at  room  temperature.  Both  the  as- 
received  (unaged)  and  post  heat  treated  (aged)  values  are 
shown.  It  was  observed  that  the  as-received  neat  matrix  had 
an  average  modulus  of  82  GPa  ±  3  GPa  at  room  temperature. 
This  increased  slightly  to  85  GPa  ±  5  GPa  after  heat 
treating,  but  this  was  less  than  4%  increase.  Given  the 
scatter  in  the  data,  the  modulus  was  considered  to  have 
remained  constant  after  heat  treating. 

Consistent  with  the  neat  matrix,  no  measurable  changes 
were  observed  in  the  composite  modulii.  Table  4.2  shows  the 
measured  room  temperature,  longitudinal,  modulus  for  the 
SCS-6 /Ti-15-3  MMC.  The  average  value  for  the  as-received 
MMC  was  measured  to  be  203  GPa  ±  9  GPa.  This  average  was 
nearly  unchanged  for  the  heat  treated  MMC,  which  was  204  GPa 
±  11  GPa.  Table  4.3  shows  the  measured  room  temperature, 
transverse,  modulus  for  the  SCS-6 /Ti-15-3  MMC.  In  this 
case,  the  average  modulus  was  measured  to  be  120  GPa  ±  4 
GPa,  while  the  average  heat  treated  value  was  116  GPa  ±  4 
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Table  4 . 1 

Measured 

Neat 

Matrix  Properties 

Specimen 

Modulus 

(GPa) 

a (mm/mm/ °C) 

# 

^imaged 

^aged 

(10-6) 

1 

81 

10.5 

2 

89 

10.2 

3 

81 

89 

4 

87 

5 

89 

10.2 

6 

89 

10.8 

7 

86 

9.73 

8 

91 

10.6 

9 

83 

83 

10 

80 

77 

11 

86 

80 

12 

79 

77 

Avg 

82 

85 

10.33 

Table  4.2  Measured  [0]8  Lamina  Properties. 


Specimen 

Modulus 

(GPa) 

a (mm/mm/°C) 

# 

^unaged 

^aged 

(10-6) 

1 

215 

197 

2 

197 

199 

3 

197 

188 

6.68 

4 

215 

5 

199 

199 

6.44 

6 

211 

197 

7 

216 

8 

203 

9 

205 

6.59 

10 

201 

6.42 

11 

183 

6.44 

12 

193 

6.33 

13 

223 

6.54 

Avg 

203 

204 

6.49 
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Table  4.3  Measured  [ 90 ] 8  lamina  properties. 


Specimen 

Modulus 

(GPa) 

a (mm/mm/°C) 

# 

^ unaged 

^aged 

(10-6) 

1 

127 

115 

2 

108 

9.07 

3 

120 

117 

9.21 

4 

114 

9.25 

5 

120 

121 

6 

116 

117 

8.58 

7 

117 

116 

8.82 

8 

121 

122 

Avg 

120 

116 

8.99 

GPa.  Again,  these  values  were  considered  to  be  constant 
within  the  experimental  scatter. 

MjcxQmgch&nics,  PredjctiQP? 

These  measured  values  of  Young's  modulus  were  found  to 
be  in  good  agreement  with  analytical  predictions.  The 
strength  of  materials  equations  for  calculating  the 
longitudinal  modulus  (Er)  and  transverse  modulus  (Ec)  of  a 
composite  are  [55] : 

E^VWd-^)  t*-1) 


Et 


Em*Ef 

Emvf+Sf{l-vf) 


(4.2) 


where  Ef  and  E„,  are  the  modulus  of  the  fiber  and  matrix, 
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respectively,  and  v£  is  the  fiber  volume  fraction1  of  the 
MMC.  Using  the  following  constituent  values: 

Ef  =  400  GPa 
Em  =  85GPa 
vf=  .36 

Equation  4.1  predicts  198  GPa  for  the  longitudinal  modulus, 
while  Equation  4.2  predicts  119  GPA  for  the  transverse 
modulus.  Hence,  the  measured  modulii  agreed  well  with 
micromechanics  predictions. 

Microscopy-  Microstructure  Analysis  and  Processing 

Damage 

Although  it  was  not  the  objective  of  this  study  to 
perform  an  exhaustive  metallurgical  analysis,  a  basic 
understanding  of  the  matrix  microstructure  and  its  evolution 
was  desired.  This  section  discusses  the  microstructure 
transformation  from  the  as-received  material  to  the  heat 
treated  material  and  its  affect  on  the  composite  response. 
Processing  damage  was  identified  in  this  initial  review, 
which  assisted  in  isolating  these  damage  mechanisms  from 
those  induced  by  fatigue. 

Ti-V  Phase  Diagram 

Before  proceeding  with  a  discussion  on  the 
microstructure,  it  is  helpful  to  review  a  phase  diagram  of  a 
alloy  similar  to  the  Ti-15-3.  This  provides  a  better 

1  This  was  an  average  volume  fraction  measured  by  using  the  SEM  to  count 
the  fibers  contained  within  a  specified  area. 
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understanding  of  the  effect  of  the  processing  temperature 
and  heat  treating  temperature  on  the  microstructure.  For 
the  Ti-15V-3Al-3Sn-3Cr  (weight  percent  (w/o) )  matrix  alloy 
the  major  solute  is  vanadium  (V) .  A  phase  diagram  of  the 
Ti-V  metal  alloy  will  be  sufficient  for  this  discussion 
(Figure  4.1). 

For  Ti-15-3  (w/o) ,  the  atomic  percent  (a/o)  of  vanadium 
is  also  15.  Figure  4.1  shows  the  material  is  a  single  phase 
body-centered-cubic  (p-phase)  alloy  at  the  processing 
temperature  (1000°C) .  Theoretically,  this  single  p-phase 
will  be  maintained  after  quenching  from  this  temperature. 
This  is  because  the  a-phase  (hexagonal-closed-packed  (hep) 
structure)  does  not  have  time  to  form. 

The  heat  treatment  temperature  of  700°C  was  just 
slightly  below  the  P  transus  temperature  (Figure  4.1) . 
Holding  the  specimen  at  this  temperature  for  extended 
periods  of  time  will  transform  the  microstructure  from  the 
metastable  p-phase  alloy  to  a  stable  two  phase  (P  +  a) 
alloy.  Although  the  composition  of  the  Ti-15-3  is  slightly 
different,  similar  transformations  in  the  microstructure 
were  observed  in  the  neat  matrix  and  MMC . 

As-Received  Microstructure 

Figure  4.2  shows  the  microstructure  of  the  as-received 
Ti-15-3  neat  matrix.  This  material,  as  with  the  composite, 
was  manufactured  by  a  hot  isostatic  pressing  (HIP-ing) 
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Figure  4.1  Ti-V  Phase  Diagram  [98] 


technique  using  foils  of  Ti-15-3 .  The  foil  boundaries  can 
be  identified  by  the  dark  horizontal  lines  extending  through 
the  length  of  the  specimen.  The  dark  blotchy  areas 
occurring  along  the  foil  boundaries  and  grain  boundaries  are 
believed  to  be  a  solute  lean  p ' -phase  [62].  This  phase  has 
been  observed  in  other  p-Ti  alloys  [4,  8].  P'  is  metastable 
phase  which  forms  in  solute  rich  metastable  beta  titanium 
alloys  where  the  precipitation  of  a-phase  is  sluggish  [62] . 

Figure  4.3  shows  the  as-received  composite.  A  slightly 
different  microstructure  was  observed  compared  to  the  neat 
matrix.  A  higher  density  of  P'  was  observed  inside  the 
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Foil  Boundary- 

Grain 

Boundary 


Figure  4.2 


As-received  Microstructure 
Ti-15-3  Neat  Matrix  (500X) 


grains.  Also,  a  distinct  precipitate  free  (depleted)  zone 
exists  around  the  fibers.  This  depleted  zone  was  probably 
due  to  the  reaction  of  the  alloy  with  the  carbon  rich 
coating  on  the  fiber  [62] . 

Heat  Treated  Micros true ture 

Figure  4.4  shows  the  neat  matrix  after  heat  treating. 
Several  o-phase  precipitates  (long  needles)  were  observed  to 
have  formed  inside  the  grains.  Large  a-phase  particles  had 
precipitated  out  at  the  grain  boundaries,  replacing  the  P'- 
phase.  Finally,  an  a -depleted  zone  was  observed  around  the 
grain  boundaries . 

As  in  the  previous  case,  a  different  microstructure  was 
observed  in  the  aged  composite  when  compared  to  the  aged 
neat  matrix.  Figure  4.5  shows  the  SCS-6/Ti-15-3  MMC  after 
the  same  heat  treatment.  Again,  large  o-phase  precipitates 
were  observed  at  the  grain  boundaries,  and  an  o-depleted 
zone  was  observed  around  these  boundaries.  Comparing  this 
with  the  aged  neat  matrix  (Figure  4.4)  shows  that  the 
quantity  of  o-phase  precipitated  in  the  grains  was  less  than 
that  in  the  neat  matrix.  This  was  particularly  evident  in 
the  area  immediately  surrounding  the  fiber.  This  depleted 
zone  has  been  shown  to  be  softer  than  the  surrounding 
material  [62] .  As  a  result,  the  composite  may  yield  at 
lower  stress  levels  than  the  aged  neat  matrix  [63] . 
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Figure  4.5  Heat  Treated  Microstructure 
SCS-6/Ti-15-3  (500X) 
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In  general,  the  integrity  of  the  as-received  composite 
was  good.  Upon  closer  examination,  however,  some  processing 
damage  (i.e.  the  HIP-ing  procedure)  was  observed.  Figure 
4.6  shows  a  cross-section  of  the  aged  composite  at  a 
location  where  the  fibers  were  very  close.  Tiny  radial 
cracks  were  observed  in  the  interphase  zone.  Some  of  these 
cracks  extended  into  the  matrix.  This  type  of  processing 
damage  has  been  observed  in  other  titanium  based  MMCs  [26, 

60,  68,  102]  . 


Flours  4.6  Processing  Damage  in  the  MMC 
(1020X) 
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These  interphase  and  matrix  cracks  were  localized  in 
just  a  few  regions  of  the  specimen.  It  was  previously  shown 
that  measured  values  of  the  Young's  modulii  agreed  well  with 
micromechanics  predictions.  This  indicates  that  these 
cracks  had  no  measurable  affect  on  the  room  temperature 
properties  of  the  composite.  It  has  been  shown  [102]  that 
the  processing  damage  observed  in  Figure  4.6  was  the  result 
of  high  residual  tensile  stresses  (Figure  1.2)  in  the  matrix 
and  interphase  zone.  Sullivan  and  Buesking  [102]  showed 
that  the  hoop  stresses  in  fiber  and  matrix  are  higher  when 
an  interphase  zone  was  present.  Mall  and  Ermer  [71]  showed 
that  the  general  state  of  stress  in  the  matrix  increases 
when  the  fiber  spacing  decreases.  These  factors  lead  to 
cracks  developing  in  the  interphase  zone  and  matrix. 

SwnmasY  of-lpitifrl  Material  Characterisation 

This  section  briefly  reviewed  some  characteristics  of 
the  Ti-15-3  neat  matrix  and  SCS-6/Ti-15-3  MMC .  The  review 
consisted  of:  material  property  measurements,  the  initial 
condition  of  the  as-received  and  aged  Ti-15-3  neat  matrix, 
and  the  initial  condition  of  the  as-received  and  aged  MMC. 

It  was  found  that  the  Young's  modulus  of  both  the  neat 
matrix  and  the  MMC  were  unchanged  after  heat  treating. 

There  was  some  matrix  and  interphase  damage  observed  in  the 
untested  composite.  This  damage  was  localized  to  the  areas 
were  fibers  were  closely  spaced  and  had  no  measurable  affect 
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on  the  room  temperature  modulii  of  the  MMC .  Finally,  it 
was  observed  that  the  fiber-reinforced  matrix  aged  slower 
that  the  neat  matrix. 

Neat  Matrix 

The  response  of  the  SCS-6/Ti-15-3  MMC  when  subjected  to 
fatigue  is  affected  by  a  combination  of  inelastic 
deformations  in  the  fiber  and  matrix.  In  the  strain  control 
mode,  the  fatigue  behavior  of  the  matrix  can  dominate  the 
composite  response.  It  is  therefore  desirable  to 
characterize  the  behavior  of  the  neat  matrix,  and  then  use 
this  information  to  develop  relationships  between  the  neat 
matrix  and  the  fiber-reinforced  matrix.  This  section 
discusses  the  results  from  experiments  conducted  on  the  neat 
matrix,  which  included  relaxation  tests  at  427 °C  and  strain 
controlled  fatigue  tests  at  427°C. 

^glax^tiQh-Tests 

The  major  objective  for  performing  the  relaxation  tests 
was  to  determine  baseline  properties  so  that  the  fatigue 
behavior  of  the  matrix,  both  neat  and  fiber-reinforced, 
could  be  predicted.  The  following  paragraphs  concentrate  on 
describing  the  response  of  the  neat  matrix  when  subjected  to 
a  constant  strain  input.  In  Chapter  V,  this  information  was 
used  to  develop  a  relaxation  scheme  to  predict  the  fatigue 
response  of  the  MMC  and  neat  matrix. 
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The  relaxation  tests  were  performed  at  nominal  strain 
levels  of  .3%,  .5%,  and  .6%.  Figure  4.7  shows  the  stress 

relaxation  of  the  Ti-15-3  neat  matrix  when  subjected  to  a 
constant  strain  input  at  these  levels  of  strain.  It  was 
observed  that  the  rate  at  which  the  stress  relaxed  was 
dependent  on  the  applied  strain.  For  example,  the  stress 
relaxed  faster  as  the  strain  level  increased.  This  shows 
that  the  material  has  a  dependence  on  the  loading  history 
[85] .  As  expected,  the  rate  at  which  the  stress  relaxed 
decreased  with  respected  to  time.  It  will  be  shown  in 
Chapter  V  that  this  behavior  can  be  characterized  by  a 
function  of  both  the  applied  strain  and  time. 

An  unusual  response  was  observed  during  these 
relaxation  tests.  Compressive  stresses  developed  in  all  of 
the  tests,  and  an  equilibrium  stress  was  never  obtained. 

The  specimens  either  buckled  or  the  controller  interlock  of 
the  test  machine  was  tripped  before  a  constant  stress  was 
achieved.  Two  additional  tests  were  run  at  .4%  and  .5%  on 
two  other  test  machines  configured  in  the  same  manner.  This 
same  behavior  was  observed  in  both  cases . 

Gayda  and  Gabb  [35]  performed  relaxation  tests  on  the 
neat  matrix  at  426°C.  None  of  their  tests  exhibited  this 
behavior.  The  exact  reason  for  the  discrepancy  was  not 
clear  after  the  tests  were  performed.  It  was  suspected  that 
the  different  results  can  be  attributed  to  differences  in 
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Figure  4.7  Stress  Relaxation  in  the  Neat  Matrix  at  427 °C 


the  experimental  setups.  For  example,  the  hot  zone  for  the 
specimens  tested  in  this  study  was  localized  to  a  region 
around  the  gage  length  (Figure  3.5),  while  the  grips  were  at 
approximately  room  temperature.  This  is  known  as  a  cold- 
grip  setup,  and  results  in  a  thermal  gradient  in  the 
specimen.  In  Gayda  and  Gabb's  investigation,  the  entire 
specimen  and  the  grips  were  at  the  application  temperature 
(426°C) .  This  is  a  hot-grip  setup,  and  no  thermal  gradients 
exists  in  this  case.  Other  investigations  [57]  have  shown 
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differences  in  the  material  response  when  using  the  hot-grip 
and  cold-grip  configurations. 

The  strain  level  dependence  observed  in  the  experiment 
was  also  unexpected.  It  was  thought  that  the  stress  would 
take  longer  to  relax  at  the  higher  levels  of  strain,  and  a 
simple  time  shift  would  then  collapse  the  data  on  to  a 
master  curve  [35] .  This  was  clearly  not  the  case  in  these 
tests.  Since  the  tests  results  were  repeatable,  this  may 
also  be  a  characteristic  of  the  cold-grip  configuration. 

Albeit,  the  phenomena  discussed  above  are  unusual. 

Since  all  of  the  tests  were  conducted  in  the  same 
experimental  configuration,  compatibility  among  the  tests 
results  was  maintained.  The  data  obtained  from  these 
relaxation  tests  were  therefore  considered  to  be 
representative  of  the  material  behavior  in  fatigue. 

Fatigue  Tests 

In  addition  to  the  relaxation  tests,  a  series  of  strain 
controlled  fatigue  tests  were  conducted  on  the  neat  matrix. 
These  data  were  used  in  Chapter  VI  to  validate  a  scheme 
developed  to  predict  the  time  dependent  behavior  of  the 
matrix.  These  data  were  also  useful  for  comparing  to  the 
counterparts  from  the  MMC  tested  in  fatigue. 

Fatigue  Response 

Figure  4.8  shows  the  histories  of  the  maximum  stress, 
as  a  function  of  time,  for  the  neat  matrix  subjected  to 
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fatigue.  The  maximum  strains  levels  were  .25%,  .4%,  .5%  and 

.7%.  It  was  observed  that  the  rate  of  change  in  the  maximum 
stress  was  a  function  of  the  maximum  strain,  which  is 
similar  to  that  observed  in  the  relaxation  tests  (Figure 
4.7).  For  an  equivalent  maximum  strain,  the  rate  at  which 
the  stress  relaxed  was  slower  in  the  fatigue  tests.  This 
was  expected  since  the  fatigufe  response  was  an  accumulation 
of  the  creep  deformation  at  the  different  strain  levels  in 
the  fatigue  cycle,  as  opposed  to  the  relaxation  tests  where 
the  strain  was  held  constant.  The  rate  at  which  the  stress 
relaxed  also  changed  over  time,  which  again  is  similar  to 
the  results  observed  in  the  relaxation  tests.  These 
similarities  suggests  that  the  fatigue  behavior  of  the 
matrix  can  be  predicted  with  the  data  obtained  from 
relaxation  tests,  which  will  be  shown  in  Chapter  VI. 

Elastic  Modvlys  HigtQry 

Previous  studies  [89,  101]  of  the  SCS-6/Ti-15-3 
composite  have  shown  that  the  elastic  modulus  increased 
during  fatigue  testing  at  elevated  temperature.  As 
mentioned  in  Chapter  III,  the  objective  of  heat  treating  the 
material  prior  to  testing  was  to  remove  this  variable. 

Figure  4.9  shows  the  elevated  temperature  modulus,  as  a 
function  of  time,  for  the  neat  matrix  specimens  subjected  to 
fatigue.  An  average  increase  of  10%  was  observed  in  the 
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Figure  4.8  Maximum  Stress  Histories  for  Ti-15-3  Neat  Matrix 
Subjected  to  Fatigue 

elastic  modulus.  This  implies  that  heat  treating  the 
material  was  not  enough  to  stabilize  the  modulus. 

It  was  desired  to  determine  the  maximum  change  in  the 
modulus  of  the  neat  matrix  due  to  thermal  exposure  only. 


Mod 


Figure  4.9  Modulus  Histories  for  Ti-15-3  Neat  Matrix 


Subjected  to  Fatigue 


This  would  provide  an  upper  bound  of  the  modulus  for  the 
fiber-reinforced  matrix.  A  heat  treated,  neat  matrix, 
specimen  with  no  load  was  exposed  laboratory  air  at  427°C. 
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Figure  4.10  shows  the  change  in  the  room  temperature 
modulus  as  a  function  of  time  for  this  specimen.  Other 
values  of  the  modulus  shown  are:  the  room  temperature 
modulus  for  the  specimens  tested  in  fatigue,  the  modulus  t 
elevated  temperature  for  the  specimens  tested  in  fatigue, 
and  the  room  temperature  modulus  for  the  specimens  subjected 
to  a  constant  strain  input. 

For  the  specimen  held  at  a  zero  load,  the  modulus 
increased  by  20%  in  the  first  11  hours  (660  min) .  After 
this  the  modulus  stabilized  at  a  value  of  110  GPa. 

Similar  increases  in  this  material  property  have  been 
observed  in  other  studies  [33,  62]  with  the  Ti-15-3  neat 
matrix.  Since  the  modulus  remained  constant  for  the  next  13 
hours,  this  was  assumed  to  be  the  maximum  stiffness  the 
matrix,  either  neat  or  fiber-reinforced,  would  achieve  at 
427°C . 

The  rate  of  change  in  the  modulus  between  the  specimen 
held  at  a  zero  load  was  compared  to  the  specimens  that  were 
tested  in  fatigue  and  those  subjected  to  a  constant 
straininput  (Figure  4.10).  There  was  no  measurable 
difference.  These  results  imply  that  mechanical  loading  had 
no  affect  on  the  modulus.  Instead,  this  suggests  that  the 
increase  in  stiffness  was  the  result  of  a  diffusion  process. 
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Figure  4.10  Change  in  Modulus  of  Ti-15-3  Neat  Matrix, 
Various  Loading  Conditions 


Effect  of.  changing  Matrix  Modulus  on__the  mmc  Fatigue 

Hespguse 

Using  Equations  4.1  and  4.2  the  effect  of  the 
increasing  modulus  of  the  neat  matrix  on  the  fiber- 
reinforced  matrix  can  be  approximated.  Some  of  the  fatigue 
tests  for  the  0°  lamina  ran  as  long  as  three  weeks  (500 
hours) .  It  was  shown  above  that  the  highest  value  the  room 
temperature  modulus  of  the  neat  matrix  would  achieve  was  110 
GPa.  This  would  equate  to  a  only  7%  increase  in  stiffness 
for  the  undamaged  0°  lamina.  On  the  other  hand,  the  90° 
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lamina  tests  lasted  no  longer  that  5  hours.  From  figure 
4.10,  the  room  temperature  modulus  of  the  neat  matrix  would 
be  95  GPa.  This  would  equate  to  a  10%  increase  in  the 
transverse  stiffness.  It  will  be  shown  later  that  these 
increases  were  never  observed  due  to  the  concurrent 
development  of  damage  in  the  laminas. 

In  some  fatigue  tests,  the  modulus  of  a  MMC  increased 
after  an  initial  reduction.  Later  in  this  chapter,  this 
initial  reduction  will  shown  to  be  due  to  fatigue  damage, 
and  the  subsequent  increase  is  correlated  to  the  increase  in 
the  matrix  stiffness  discussed  here.  This  suggests  that  the 
effect  of  an  increasing  stiffness  of  the  matrix  may  serve  to 
mask  some  of  the  damage  present  in  the  composite. 

Microscopy  -  Damage  Mechanisms 

For  the  strain  controlled  fatigue  tests  performed  in 
this  work,  the  matrix  was  found  to  contain  most  of  the 
fatigue  dependent  characteristics.  Thus,  to  characterize 
the  composite,  it  was  beneficial  to  understand  the  behavior 
of  the  neat  matrix.  This  section  concentrates  on 
identifying  the  damage  and  deformation  mechanisms  observed 
in  the  tests  described  above. 

Microscopy  -  Relaxation  Tests 

There  were  two  objectives  to  be  met  by  running  the 
relaxation  tests.  As  previously  mentioned,  the  primary 
objective  was  to  determine  baseline  properties  of  the 
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relaxation  behavior,  and  then  relate  these  properties  to  the 
fatigue  response  of  the  neat  matrix  and  MMC.  A  secondary 
objective  was  to  determine:  if  there  were  any  changes  in  the 
microstructure  due  to  the  different  loading  conditions  (i.e. 
constant  strain  vs.  fatigue),  and  if  any  damage  mechanisms 
were  dependent  on  the  loading  conditions.  This  section 
concentrates  on  the  second  objective. 

Figure  4.11  shows  a  typical  specimen  after  a  relaxation 
test.  This  should  be  compared  to  its  counterpart  from  the 
untested,  heat  treated,  neat  matrix  (Figure  4.4).  There  was 
no  significant  difference  in  the  microstructure.  This 
implies  that  this  loading  condition  had  no  affect  on  the 
microstructure.  There  was  no  evidence  of  any  damage  (i.e. 
matrix  cracking  or  foil  delamination) . 

An  additional  effort  in  this  direction  was  pursued 
using  transmission  electron  microscopy  (TEM) .  This  enabled 
a  more  detailed  view  of  the  microstructure  of  the  matrix  and 
would  provide  evidence  of  the  type  of  deformation  occurring. 
Figure  4.12  shows  a  TEM  photograph  for  the  as-received 
material.  As  in  the  optical  analysis,  a  single  phase  (p) 
alloy  was  observed.  Figure  4.13  shows  a  TEM  photograph  of 
the  neat  matrix  after  heat  treating,  which  is  the  pretest 
specimen  baseline  condition.  Large  o-phase  precipitates 
(long  needles)  were  observed  in  a  matrix  of  beta.  These  two 
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Figure  4.13  Heat  Treated  Neat 
Matrix 

photographs  provided  the  microstructure  evolution  and 
condition  prior  to  testing. 

The  typical  microstructure  after  a  relaxation  test  is 
shown  in  Figure  4.14.  The  microstructure  was  again  similar 
to  the  aged  specimen  (Figure  4.13).  Further,  there  were  no 
signs  of  dislocations  in  the  p-phase  or  the  o-phase 
precipitates.  The  absence  of  observable  dislocations 
suggests  that  the  creep  deformation  was  taken  up  by  the 
softer  P-phase. 

Fatigue  Tests 

Optical  microscopy  was  also  performed  on  the  specimens 
tested  in  fatigue.  Figure  4.15  shows  the  condition  a 


Figure  4.14  Neat  Matrix  After  a 
Relaxation  Test 

typical  specimen  after  a  fatigue  test.  The  loading 
direction  was  perpendicular  to  plane  of  the  paper.  This 
figure  should  be  compared  to  the  untested,  aged,  neat  matrix 
(Figure  4.4).  As  with  the  specimens  subjected  to  a  constant 
strain,  no  significant  differences  in  the  microstructure 
was  observed.  So  the  loading  condition  had  no  effect  on  the 
microstructure.  There  was  no  evidence  of  foil  delamination 
or  matrix  cracking  either.  As  in  the  relaxation  tests,  this 
shows  that  the  primary  deformation  mechanism  was  matrix 
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Figure  4.15  Neat  Matrix  After  a  Fatigue  Test 
(500X) 

Microstructure  Comparison 

A  comparison  was  made  between:  specimens  loaded  at  a 
constant  strain,  specimens  tested  in  fatigue,  and  a  specimen 
exposed  to  elevated  temperature  (427°C)  under  a  zero  load 
condition.  This  was  performed  to  determine  if  the  increase 
in  the  elastic  modulus  could  be  attributed  to  a  change  in 
the  microstructure.  Figure  4.16  shows  the  microstructure  of 
the  specimen  held  at  a  zero  load.  This  should  be  compared 
to  the  microstructure  of  a  specimen  after  a  relaxation  test 
and  a  specimen  after  a  fatigue  test  (Figures  4.11  and  4.15, 
respectively) .  It  should  be  reemphasized  that  all  of  these 
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Figure  4.16  Neat  Matrix  After  24  Hrs  at  No 
Load,  427°C  (500X) 

specimens  were  heat  treated  prior  to  testing,  so  they  had  a 
similar  pretest  microstructure  (Figure  4.4).  Even  after 
exposing  the  neat  matrix  to  these  various  loading 
conditions,  no  differences  in  the  microstructures  could  be 
observed.  This  implies  that  the  increase  in  the  modulus 
cannot  be  attributed  to  a  change  in  the  microstructure. 

Any  further  effort  in  this  direction  was  well  beyond 
the  scope  of  this  study.  However,  these  results  suggests  a 
different  direction,  such  as  hydrogen  diffusion  [25],  needs 
to  be  explored  to  explain  why  the  increase  in  the  elastic 
modulus  occurs.  For  this  study,  it  was  sufficient  to 


quantify  the  change  in  the  elastic  modulus  and  its  affect  on 
the  composite  response,  which  was  shown  earlier. 

Summary  Ti-15-3  Neat  Matrix 

This  section  discussed  the  behavior  of  Ti-15-3  neat 
matrix  at  427°C.  It  included  results  from:  relaxation 
tests,  fatigue  tests,  and  a  microscopy  analysis.  For  the 
specimens  subjected  to  a  constant  strain  input,  stress 
relaxation  of  the  matrix  was  observed  to  be  a  function  of 
the  applied  strain  level  and  time.  A  similar  dependence  was 
observed  for  the  specimens  tested  in  fatigue.  Microscopy 
revealed  no  signs  of  matrix  cracking  or  foil  delamination 
for  either  of  the  two  loading  conditions.  Hence,  when  the 
maximum  strain  level  was  less  than  or  equal  to  .7%,  the 
fatigue  behavior  of  the  neat  matrix  under  the  hybrid  strain 
control  mode  was  dominated  by  matrix  creep. 

0°  Lamina 

Having  gained  an  insight  into  the  fatigue  behavior  of 
the  neat  matrix,  fatigue  tests  and  a  microscopic  analysis 
were  performed  on  the  0°  lamina  (fibers  parallel  to  the 
loading  direction) .  The  next  few  sections  discuss  the 
findings  from  these  fatigue  tests  and  the  ensuing 
microscopic  analysis.  A  fatigue  life  diagram  was  developed 
from  this  information.  This  diagram  related  the  fatigue 


98 


lives  to  the  failure  modes  as  a  function  of  the  maximum 
strain . 

0°  Lamina  Fatigue  Response 

A  set  of  seven  fatigue  tests  were  conducted  on  the  0° 
lamina.  The  maximum  applied  strain  levels  were  .77%,  .75%, 
.7%,  .6%,  .5%,  .45%  and  .4%.  These  levels  were  chosen  so 

that  a  fatigue  curve,  such  as  that  shown  in  Figure  2.13, 
could  be  developed.  This  section  discusses  the  lamina 
fatigue  response  observed  from  the  experiments.  A  more 
detailed  explanation  of  the  fatigue  behavior  of  the 
constituents  is  pursued  in  Chapter  VI. 

Table  4.4  shows  the  summary  of  the  observed  failure 
modes  for  the  0°  lamina.  Also  shown  are  two  regions  on  the 
fatigue  curve  as  discussed  in  Chapter  II  (Figure  2.13).  As 
shown,  it  consisted  of  two  regions: 


Table  4.4  Summary  of  0°  Lamina  Failure  Modes 


Maximum 

Failure 

Fatigue  Curve 

Strain 

Mode 

Region 

(%) 

>.73 

Fiber  Fracture 

I 

<.73 

Matrix  Cracking 

II 

failure  dominated  by  fiber  fractures  (Region  I) ,  and 
failure  dominated  by  matrix  cracking  (Region  II) .  The 
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fatigue  response  of  the  lamina  for  these  two  failure  modes 
varied  significantly  and  are  discussed  next. 

Region  I  -  Fiber  Dominated  Failure  Mode 

Stress-Strain  Response 

Figure  4.17  shows  the  typical  history  of  the  stress- 
strain  response  for  a  specimen  which  exhibited  a  fiber 
dominated  failure  mode.  This  particular  case  was  for  a 
specimen  subjected  to  fatigue  at  a  maximum  strain  of  .77%. 
The  nonlinear  stress-strain  response  was  only  observed  on 
the  first  fatigue  cycle.  A  permanent  residual  strain  (ep) 
was  present  after  the  specimen  was  unloaded  to  a  zero  load. 
This  nonlinear  behavior  was  attributed  to  the  matrix 
plastically  deforming  above  a  strain  level  of  approximately 
.55%.  It  has  been  shown  [68]  that  matrix  slip  bands  in  the 
0°  SCS-6/Ti-15-3  MMC  initiate  at  approximately  this  same 
strain  level  (i.e.  .55%).  Matrix  slip  bands  provide  the 
physical  evidence  of  plastic  deformation.  This  deformation 
mechanism  can  also  be  verified  by  noting  that  the  linear 
loading  modulus  and  unloading  modulus  were  equivalent.  The 
stress-strain  responses  on  the  subsequent  fatigue  cycles 
were  linear,  but  the  maximum  stress  relaxed.  In  Chapter  V, 
it  will  be  shown  that  this  reduction  in  stress  was  due  to 
creep  deformation  of  the  matrix. 
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Stress  and  Modulus  Histories 

Figure  4.18  shows  the  histories  of  the  maximum  stress, 
minimum  stress,  and  modulus  for  this  same  specimen.  It  was 
observed  that  the  modulus  remained  constant  over  the  entire 
fatigue  life.  This  suggests  that  the  drop  in  the  maximum 
stress  was  a  result  of  matrix  creep.  Thus,  the  fatigue 
response  was  dominated  by  creep  deformation  of  the  matrix. 
This  was  accompanied  by  matrix  plastic  deformation  on  the 
first  loading  cycle,  which  initiated  at  a  strain  level  of 
.55%. 
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Figure  4.18  Stress  and  Modulus  Histories  for  a  0°  Lamina, 

6niax=  >77% 

As  will  be  shown  later,  fractography  revealed  extensive 
fiber  pullout  when  a  specimen  was  subjected  to  fatigue  with 
a  maximum  strain  greater  than  .73%.  This  is  indicative  of  a 
failure  dominated  by  fiber  fractures.  Thus,  even  though  the 
response  was  dominated  by  matrix  creep,  the  specimen  failure 
was  dominated  by  fracture  of  the  fibers.  The  lack  of  any 
measurable  drop  in  the  modulus  shows  that  the  fiber  failure 
was  rapid,  and  occurred,  at  most,  over  just  a  few  fatigue 
cycles . 


Bgfliaa  II  -  Matrix  POTitnetefl  Failure  Mode 

Stress-Strain  Response 

Figure  4.19  shows  the  typical  history  of  the  stress- 
strain  response  for  a  specimen  whose  dominant  failure  mode 
was  matrix  cracking.  The  particular  case  shown  is  for  a 
specimen  loaded  in  fatigue  at  a  maximum  strain  of  .6%. 


Figure  4.19  o-e  History  for  a  0°  Lamina,  6^=  .6% 


As  in  the  previous  case,  a  nonlinear  stress-strain 
relationship  was  observed  in  the  first  fatigue  cycle,  which 
was  a  result  of  plastic  deformation  of  the  matrix.  For 
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approximately  the  next  20,000  fatigue  cycles  the  stress- 
strain  response  was  linear.  At  approximately  32,000  cycles, 
the  response  started  to  show  a  slight  nonlinear  behavior, 
and  a  hysteresis  in  the  stress-strain  curve  was  observed. 
Optical  microscopy  revealed  that  this  was  due  to  the 
development  of  matrix  cracks,  which  will  be  shown  later. 

Table  4 . 4  showed  that  matrix  cracking  was  the  dominant 
failure  mode  for  specimens  tested  in  fatigue  at  maximum 
strains  less  than  .73%.  Except  for  the  first  loading  cycle, 
the  same  stress -strain  response  described  above  was  observed 
in  all  of  these  cases.  When  the  a  specimen  was  subjected  to 
fatigue  at  a  maximum  strain  less  than  .55%,  the  first 
loading  cycle  was  linearly  elastic2. 

Stress  and  Modulus  Histories 

Figure  4.20  shows  the  histories  of  the  maximum  stress, 
minimum  stress,  and  modulus  for  the  same  case.  To  highlight 
the  progression  of  damage  and  deformation,  the  stress 
response  was  partitioned  into  two  stages,  which  are  shown  in 
Figure  4.20.  The  details  of  these  stages  are  discussed 
next . 

Stags . 1 

The  lamina  response  in  Stage  I  was  dominated  by  matrix 
creep.  In  Chapter  VI,  it  will  be  shown  that  the  creep 
deformation  can  be  partitioned  into  two  substages  (la  and 

2See  Appendix  A  for  the  additional  experimental  results. 
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Ib) ,  as  shown  in  Figure  4.20.  During  substage  la,  creep 
deformation  of  the  matrix  resulted  in  a  relaxation  of  the 
lamina  stress.  For  specimens  loaded  above  a  maximum  strain 
of  .55%,  matrix  creep  was  accompanied  by  plastic  deformation 
of  the  matrix.  Substage  Ib  was  defined  at  the  point  in  the 
fatigue  life  were  the  mean  stress  of  the  lamina  was 
constant.  The  analysis  will  show  that,  in  this  substage, 
the  matrix  creep  in  tension  was  exactly  matched  by  that 
occurring  in  compression  (self -equilibrating  matrix  creep) . 
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Finally,  the  modulus  of  the  specimen  remained  constant  in 
both  substages.  This  further  indicates  that  Stage  I  was 
dominated  by  matrix  deformation  (creep  and  plasticity)  and 
not  damage. 

Stags. II 

Stage  II  was  defined  by  a  another  change  in  the  lamina 
response.  In  this  stage,  a  reduction  in  the  lamina  stress 
was  again  observed.  Instead  of  the  modulus  remaining 
constant,  as  was  observed  in  subst.  _,e  la  where  the  stress 
also  dropped,  a  decrease  in  the  stiffness  occurred.  This 
simultaneous  reduction  in  the  lamina  stiffness  and  stress 
suggested  that  this  behavior  was  the  result  of  fatigue 
damage.  It  will  be  shown  later  that  extensive  matrix 
cracking  was  observed  in  specimens  that  exhibited  this 
response. 

It  is  difficult  to  define  the  fatigue  life  of  a 
specimen  that  exhibits  this  behavior.  For  example,  in  the 
load  control  mode,  the  strain  will  show  a  rapid  increase  at 
the  end  of  the  fatigue  life  when  the  failure  mode  is 
dominated  by  matrix  cracking.  This  results  in  a  fracture  of 
the  specimen  and  provides  a  clear  definition  of  the  fatigue 
life.  The  situation  is  different  for  this  damage  mechanism 
in  the  strain  control  mode.  As  shown  above,  when  damage 
develops,  the  specimen  will  not  fracture.  Instead,  the 
stress  will  continue  to  drop  as  the  damage  continues  to 
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accumulate.  The  definition  of  the  fatigue  life  is  unclear 
in  this  case,  and  some  other  failure  criteria  must  be 
defined.  In  this  investigation,  the  fatigue  life  was 
conservatively  defined  when  a  concurrent  and  rapid  drop  in 
both  the  stress  and  modulus  occurred,  which  was  defined 
above  as  Stage  II. 

0°  Lamina  Fatigue  Response  Summary 

In  summary,  the  fatigue  response  of  the  0°  lamina  was 
described  by  two  stages.  This  is  shown  schematically  in 
Figure  4.21.  This  figure  combines  the  fatigue  response  for 
both  of  the  failure  modes  discussed  above.  The  physical 
evidence  of  these  failure  modes  and  the  plastic  deformation 
are  given  in  the  next  section,  while  the  details  of  the 
matrix  creep  are  shown  in  Chapter  VI.  Stage  I  was  broken 
down  into  two  substages.  In  substage  la,  the  response  was 
dominated  by  matrix  creep,  but  it  was  accompanied  by  plastic 
deformation  of  the  matrix  when  the  maximum  strain  was 
greater  than  .55%  (first  loading  cycle  only).  In  this 
substage,  fiber  breakage  resulted  in  the  specimen  fracture 
for  those  specimens  tested  in  fatigue  when  the  maximum 
strain  was  greater  than  .73%.  For  specimens  subjected  to 
fatigue  with  a  maximum  strain  level  less  than  .73%,  a  period 
of  self -equilibrating  matrix  creep  developed  (substage  lb) . 
This  was  an  incubation  period  for  cracks  to  develop  in  the 
matrix.  As  these  cracks  began  to  propagate,  a  concurrent 
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Stress  (MPA) 
Modulus  (GPA) 


Figure  4.21  Schematic  of  Typical  0°  Lamina  Fatigue  Response 


and  Damage  Mechanisms 
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decrease  in  the  modulus  and  maximum  stress  was  observed. 

This  was  defined  as  the  Stage  II  and  was  dominated  by  the 
propagation  of  the  matrix  cracks . 

Microscopy  -  Damage  Mechanisms 

In  the  previous  section,  the  fatigue  behavior  of  the  0° 
lamina  was  discussed  with  reference  to  the  mechanical 
response.  This  section  provides  the  physical  evidence  of 
the  damage  mechanisms,  which  are  discussed  with  reference  to 
Region  I  and  Region  II  on  the  fatigue  life  diagram  (Figure 
2.13).  The  failure  modes  are  discussed  first.  This  is 
followed  by  showing  evidence  of  matrix  plastic  deformation. 
To  better  understand  the  progression  of  damage  for  the 
matrix  dominated  failure  mode,  a  few  additional  fatigue 
tests  were  run,  which  were  stopped  at  key  times  in  the 
fatigue  life.  This  microscopic  analysis  coupled  with  the 
mechanical  response  and  micromechanical  analysis  (Chapter 
VI)  provided  the  complete  characterization  of  damage  and 
deformation  mechanisms  of  the  specimens  tested  in  fatigue. 
Failure-Modes 

Region  I  -  Fiber  Dominated  Failure  Mode 

Figure  4.22  shows  a  typical  fracture  surface  for  a 
specimen  that  exhibited  a  fiber  dominated  failure  mode. 

This  particular  case  was  for  a  specimen  subjected  to  fatigue 
with  a  maximum  strain  of  .75%.  Several  fibers  were  observed 
to  have  pulled  out  of  the  matrix. 
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Figure  4.22  0°  Lamina  Fracture  Surface, 

€_1X=  .75%  (41. 6X) 


Figure  4.23  shows  the  condition  of  the  matrix  between 
failed  fibers.  The  dimple  patterns  in  the  matrix  represent 
the  coalescence  of  micro-voids,  which  is  characteristic  of 
ductile  fracture.  This  conclusively  shows  that  the  fibers 
failed  first,  which  was  then  followed  by  ductile  failure  of 
the  matrix.  Hence,  this  provides  the  physical  evidence  that 
fiber  fracture  was  the  dominant  failure  mode  for  specimens 
that  failed  in  fatigue  at  a  strain  level  greater  than  .73%. 
Region  II  -  Matrix  Dominated  Failure  Mode 
Extensive  cracks  in  the  matrix  were  observed  for  those 
specimens  which  were  tested  in  fatigue  with  a  maximum 
strain  level  less  than  .73%.  Figure  4.24  shows  the  first 
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Figure  4.23  0°  Lamina  Fracture  Surface, 

erax  =.75%  ( 298X) 


layer  of  fibers  for  the  specimen  tested  at  a  maximum  strain 
of  .6%.  Several  matrix  cracks  were  observed.  Figure  4.25 
shows  that,  in  addition  to  matrix  cracking,  severe  fiber- 
matrix  interface  damage  also  occurred.  This  shows  that  the 
matrix  cracks  progressed  along  the  fiber-matrix  interface. 
These  damage  mechanisms  explain  the  reduction  in  modulus, 
and  therefore  the  stress,  observed  in  Stage  II  of  the 
fatigue  life  (Figure  4.21). 

Figure  4.26  shows  an  untested,  aged,  specimen.  When 
comparing  this  to  Figure  4.25,  it  can  be  observed  that  the 
reaction  zone  was  thicker  in  the  specimen  subjected  to 
fatigue.  This  is  evidence  of  the  environmental  damage, 
which  occurs  by  oxygen  seeping  in  from  the  specimen  surface 
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Figure  4.24  First  Fiber  Layer  -  0°  Lamina 
e_ax=.6%  (100X) 
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Figure  4.25  Fiber-Matrix  Interface  Damage 
0°  Lamina  -  ema  =  6%  (200X) 
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Figure  4.26  Untested,  Aged,  0°  Lamina  (200X) 
No  Oxidation  on  Interphase  Zone 


and/or  the  matrix  cracks  and  oxidizing  the  reaction  zone 
[30,  70].  This  oxidation  will  to  make  the  reaction  zone 
more  brittle,  which  may  lead  to  an  increase  in  the  fatigue 
damage . 

Matrix  Yielding  (Slip  Bands) 

Figure  4.27  shows  the  condition  of  the  matrix  at  the 
first  layer  of  fibers  for  a  specimen  subjected  to  fatigue  at 
a  maximum  strain  of  .7%.  Matrix  slip  bands  were  observed  in 
several  grains.  This  is  evidence  of  matrix  plastic 
deformation  [59]. 


Figure  4.28  shows  the  first  layer  of  fibers  for  the 
specimen  tested  in  fatigue  at  a  maximum  strain  of  .6%.  The 
matrix  slip  bands  were  again  observed.  This  confirms  that 
the  matrix  deformed  plastically  at  this  strain  level.  Since 
the  subsequent  fatigue  cycles  were  linear,  this  plastic 
deformation  must  have  occurred  on  the  first  fatigue  cycle. 
Finally,  no  such  phenomenon  was  observed  for  those  specimens 
subjected  to  fatigue  below  a  strain  level  of  .55%. 

The  fiber-matrix  interface  separation  was  observed  in 
several  locations.  Figure  4.29  shows  a  typical  area  where 
the  fiber-matrix  interface  separation  occurred.  The  matrix 
slip  bands  were  also  observed  at  these  locations.  This 
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4.28  Matrix  Slip  Bands  in  0°  Lamina, 
erax  =  .  6%  (200X) 
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Figure  4.29  Debonded  Interface  in  0°  Lamina 
( 400X) 
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indicates  that  the  matrix  plastically  deformed  first.  Then, 
as  local  necking  occurred,  the  matrix  separated  from  the 
fiber. 

Damage  Progression 

Approach  to  Identifying  the  Damage  Progression 

To  study  the  progression  of  damage,  four  additional 
fatigue  tests  were  run  at  maximum  strain  levels  of  .5%  and 
.7%,  with  two  replicated  at  each  strain  level.  These  values 
were  chosen  so  that  damage  initiation  and  progression  below 
and  above  the  matrix  proportional  limit  could  be  documented. 
The  tests  were  stopped,  and  the  specimens  were  section  at 
the  following  times  in  the  fatigue  life: 

(1)  In  substage  la  before  any  large  reduction  in  the 
stress  was  observed 

(2)  When  the  mean  stress  became  constant  (substage  lb) 
This  approach  coupled  with  the  failure  mechanisms  described 
above  characterized  the  progression  of  damage  in  the  0  ° 
lamina . 

Substage  la 

Figures  4.30  and  4.31  show  the  condition  of  the 
specimens  in  Stage  la  for  maximum  strain  levels  of  .5%  and 
.7%,  respectively.  There  was  no  evidence  of  fiber  or  matrix 
damage.  This  provides  extra  evidence  that  the  response  in 
this  substage  was  dominated  by  matrix  deformation  and  not 
damage . 
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Figure  4.30  Typical  0°  Lamina  Condition  in 
Substage  la  -  eMX  =.5%  (100X) 
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Figure  4.31  Typical  0°  Lamina  Condition  in 
Substage  la  -  =.7%  (100X) 
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The  specimen  tested  in  fatigue  at  a  maximum  strain 
level  of  .7%  (Figure  4.31)  did  not  show  the  matrix  slip 
bands,  but  a  non  linear  stress-strain  response  was  observed 
in  the  first  cycle.  As  previously  shown  (Figure  4.27),  the 
slip  bands  became  visible  later  in  the  fatigue  life  for  a 
specimen  subjected  to  fatigue  at  this  same  level  of  strain, 
and  the  initial  fatigue  responses  were  identical.  A 
possible  explanation  for  this  is  given  next. 

Majumdar  and  Newaz  [68]  showed  that  matrix  slip  bands 
initiated  in  the  0°  SCS-6/Ti-15-3  MMC  loaded  above  a  strain 
level  of  .55%.  In  that  study,  the  specimen  was  not  heat 
treated  prior  to  testing,  so  the  microstructure  was  similar 
to  that  shown  in  Figure  4.3.  When  the  matrix  plastically 
deforms  the  dislocations  occur  in  the  soft  p-phase  [59] . 

The  additional  heat  treatment  described  in  Chapter  III, 
which  was  also  employed  by  Majumdar  and  Newaz,  precipitates 
a-phase  along  these  dislocations  [59] .  The  etchent  then 
attacks  the  a-phase  to  reveal  these  slip  bands.  In  the  case 
of  testing  the  as-received  MMC,  the  majority  of  the  a-phase 
precipitated  by  the  post-test  heat  treatment  would  occur 
along  the  slip  bands,  making  them  easily  visible. 

The  situation  was  different  in  this  study.  It  was 
previously  shown  that  after  the  initial  heat  treatment  a 
large  density  of  a-phase  was  present  in  the  matrix  (Figure 
4.5).  Early  in  the  fatigue  life  the  slip  bands  may  have 
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been  masked  by  the  o-phase  already  present.  As  fatigue 
continues,  additional  dislocations  may  develop  along  the 
slip  bands,  which  will  make  them  more  visible. 

Subs  t acre  lb 

Figures  4.32  and  4.33  show  the  condition  of  the 
specimens  tested  in  fatigue  at  maximum  strain  levels  of  .5% 
and  .7%,  respectively.  These  specimens  were  subjected  to 
fatigue  until  a  constant  mean  stress  was  observed  in  the 
lamina  (beginning  of  substage  lb) .  No  matrix  cracks  were 
observed,  but  both  specimens  showed  cracked  fibers.  The 
majority  of  these  were  located  close  to  the  molyweave.  In 
some  instances  the  fiber  cracks  were  also  found  at  locations 
were  the  molyweave  was  not  present  (Figure  4.32).  Figure 
4.34  shows  a  typical  crack  in  a  fiber.  At  this  point  in  the 
fatigue  life,  the  crack  showed  no  signs  of  inducing  damage 
to  the  fiber-matrix  interface. 

It  is  interesting  to  note  that,  when  the  maximum  strain 
was  greater  than  .73%,  these  fiber  cracks  resulted  in  the 
rapid  fracture  of  the  specimen.  On  the  other  hand,  for  the 
two  cases  discussed  here,  no  reduction  in  specimen  stiffness 
was  measured  during  this  substage  (Figure  4.21),  so  these 
cracked  fibers  had  not  affected  the  specimen  response. 

Since  no  other  damage  was  observed,  the  reduction  in  stress 
in  substage  la  was  considered  to  be  dominated  by  matrix 
creep. 
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Figure  4.32  Typical  0°  Lamina  Condition  in 
Substage  lb,  =.5%  (100X) 
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Figure  4.33  Typical  0°  Lamina  Condition  in 
Substage  lb,  emjx  =.7%  (100X) 
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Figure  4.34  Typical  Fiber  Crack  in  0°  Lamina, 
Substage  lb,  =.5%  (500X) 

Effect  of  Cracked  Fibers 

It  was  shown  above  that  cracked  fibers  were  present 
after  substage  la.  These  cracked  fibers  did  not  propagate 
or  contribute  to  any  other  fatigue  damage  in  either  case. 

As  fatigue  continued,  the  tiny  fiber  cracks  observed  at  the 
end  of  substage  la  had  more  of  an  effect  on  the  fiber-matrix 
interface  damage.  Figure  4.35  shows  a  typical  fiber  crack 
in  the  specimen  tested  in  fatigue  at  a  maximum  strain  level 
of  .5%.  This  specimen  was  subjected  to  fatigue  until  a 
reduction  in  the  modulus  was  measured,  which  defines  the 
beginning  of  Stage  II  (Figure  4.21).  It  can  be  observed 
that  the  fiber  crack  extended  into  the  fiber-matrix 
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interface  region.  Once  this  occurred,  the  crack  then 
progressed  longitudinally  along  the  interface.  This 
suggests  that,  as  the  number  of  fatigue  cycles  increases, 
the  fiber  cracks  progressed  into  the  interface  region. 

The  development  of  matrix  cracks  was  not  observed  to  be 
related  to  this  damage  mechanism.  For  example,  in  the 
regions  were  the  fiber-matrix  interface  failure  occurred  due 
to  the  cracked  fibers,  there  were  no  signs  of  matrix  cracks. 
Thus,  matrix  cracks  were  still  the  dominant  damage  mechanism 
for  specimens  subjected  to  fatigue  with  a  maximum  strain 
level  than  .73%. 


rigur*  4.35  Fiber  Crack  in  Stage  II, 
4max=  -5%  (1000X) 
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Fatigue  Life  Analysis 

It  is  desirable  to  develop  fatigue  curves  which  relate 
the  fatigue  life  to  the  failure  modes.  The  information 
gathered  from  the  fatigue  tests  and  the ' microscopic  analysis 
provides  the  data  base  to  achieve  this  goal.  In  this 
section,  the  fatigue  life  of  the  0°  lamina  was  plotted  as  a 
function  of  the  maximum  applied  strain.  The  failure 
mechanisms  found  in  the  previous  section  were  used  to 
partition  the  fatigue  curve  into  three  regions.  For 
comparison,  another  fatigue  curve  was  also  plotted  using 
data  from  previous  studies  that  employed  the  load  control 
mode. 

Definition  of  Specimen  Failure 

As  previously  mentioned,  in  the  strain  control  mode, 
the  specimen  fracture  does  not  always  occur.  An  alternative 
failure  criteria  must  therefore  be  defined.  Bartolotta  and 
Brindley  [9]  defined  failure  when  either  the  specimen 
fractured  or  when  a  simultaneous  drop  in  the  maximum  stress 

*  30  MPa)  and  modulus  (E  *  10  GPA)  occurred.  For  this 
study,  the  failure  was  defined  by  one  of  two  criteria.  The 
first  one  was  the  specimen  fracture,  which  was  previously 
shown  to  occur  for  the  fiber  dominated  failure  mode.  The 
second  failure  criterion  was  conservatively  defined  to  be 
when  a  sharp  and  simultaneous  reduction  in  the  maximum 
stress  and  modulus  occurred.  This  was  defined  previously  as 
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Stage  II  (Figure  4.21),  which  was  observed  for  the  matrix 
dominated  failure  mode. 

Fatigue  Life  -  Strain  Control 

Figure  4.36  shows  the  fatigue  life  of  the  0°  SCS-6/Ti- 
15-3  MMC  at  427°  as  a  function  of  the  maximum  applied 
strain.  Fatigue  data,  available  in  the  literature,  of  the 
Ti-15-3  neat  matrix  were  also  plotted.  Based  on  the 
microscopic  analysis,  the  fatigue  curve  was  partitioned  into 
the  following  three  regions:  fiber  dominated  failure  mode 
(Region  I) ,  matrix  dominated  failure  mode  (Region  II) ,  and 
the  matrix  fatigue  limit  (Region  III) .  The  details  of  these 
three  regions  are  discussed  next. 

Region  I-  Fiber  Dominate  Failure  Mode 

Fatigue  life  in  Region  I  was  dominated  by  fiber 
fractures.  In  this  study,  two  specimens  were  subjected  to 
fatigue  in  this  region  (maximum  strain  levels  of  .75%  and 
.77%) .  Both  of  these  specimens  failed  in  substage  la 
(Figure  4.21) .  It  was  shown  that  the  fatigue  response  of 
these  specimens  was  dictated  by  matrix  plasticity  and  matrix 
creep,  but  the  failure  was  due  to  fiber  fractures  (Figure 
4.22)  . 

In  addition  to  the  fatigue  life  data  of  the  0°  MMC 
generated  in  this  study,  some  test  data  from  monotonic 
loading  conditions  were  also  plotted  [63] .  This  aided  in 
defining  the  scatter  band  in  Region  I.  This  scatter  band 
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Region  I 


Figure  4.36  0°  Lamina  Fatigue  Life  Diagram  -  Strain  Control 
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can  be  attributed  to  several  factors.  Among  them  are: 
variations  in  fiber  strength,  fiber  spacing,  and  matrix 
ductility  [106]  .  The  effect  of  these  variations  was 
apparent  by  comparing  the  maximum  strain  level  used  in  this 
study  with  the  monotonic  test  data.  It  can  be  observed  that 
the  specimen  tested  in  fatigue  at  a  maximum  strain  level  of 
.77%  had  a  fatigue  life  of  1,500  cycles.  On  the  other  hand, 
a  specimen  failed  at  just  a  slightly  higher  strain  level 
during  the  monotonic  loading  condition.  Similar 
observations  have  been  observed  in  polymeric  composites 
[106] .  This  demonstrates  that  this  is  an  area  where  the 
fatigue  life  has  a  large  scatter  band  and  can  be  predicted 
only  with  consideration  of  the  statistical  techniques. 

For  comparison,  some  data  available  in  the  literature 
[34,  35,  69]  on  the  fatigue  life  of  the  neat  matrix  were 
plotted  in  Figure  4.36.  In  this  region,  it  was  observed 
that  the  fatigue  life  of  the  neat  matrix  was  longer  than  the 
MMC  fatigue  life.  This  illustrates  the  effect  that  the 
fiber-matrix  interface  has  on  damage  in  the  MMC. 

Rggipn  II  -  Matrix  Pomjnflted  Failure?  Mode 

In  Region  II  the  fatigue  life  was  dominated  by  the 
matrix  cracks.  It  was  previously  shown,  that  specimens 
tested  in  this  region  had  a  two  stage  behavior:  Stage  I, 
which  was  shown  to  be  dominated  by  matrix  creep,  and  Stage 
II,  which  was  shown  to  be  dominated  by  the  development  of 
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matrix  cracks .  The  latter  was  manifested  by  a  simultaneous 
drop  in  the  specimen  stiffness  and  stress,  which,  as 
mentioned  above,  was  where  the  fatigue  life  was  defined. 

This  response  was  observed  for  specimens  subjected  to 
fatigue  below  maximum  strain  of  .73%. 

It  was  observed  that  the  fatigue  life  in  this  region 
had  less  scatter  than  in  Region  I3.  A  steady  increase  in 
fatigue  life  for  a  decreasing  applied  strain  was  observed. 

As  mentioned  above,  the  primary  damage  mechanism  for 
specimens  tested  in  this  region  was  matrix  cracks .  This 
suggests  that  the  fatigue  life  can  be  predicted  by 
characterizing  a  relationship  between  the  development  and 
progression  of  the  matrix  cracks  to  the  applied  strain 
level . 

Region.  Ill 

Region  III  was  defined  as  the  matrix  fatigue  limit.  In 
this  region,  there  will  be  no  fatigue  damage  in  the  matrix, 
or  at  least,  the  fatigue  damage  does  not  propagate  to  cause 
the  specimen  failure  [106] .  There  is  no  standard  number  of 
cycles  for  where  this  region  is  defined.  In  this  study,  the 
fatigue  limit  was  defined  when  no  failure  occurred  by  107 
cycles . 


3  The  dashed  line  in  this  region  was  drawn  to  show  the  general  trend  of  the 
data.  A  factor  of  two  (solid  lines)  is  generally  considered  an  acceptable 
scatter  band  in  fatigue  testing. 
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Majumdar  and  Newaz  [69]  performed  loaded  control  tests 
on  the  neat  matrix  at  room  temperature.  For  a  specimen 
loaded  in  fatigue  with  a  maximum  stress  of  100  MPa  (maximum 
strain  of  .27%),  there  was  no  change  in  the  specimen 
response  after  6,300,000  fatigue  cycles.  From  this  data 
point,  the  maximum  level  of  strain  at  which  the  fatigue 
limit  would  be  encountered  was  conservatively  estimated  to 
be  .3%. 

Fatigue  Life  -  Strain  Control  vs.  Load  Control 

The  fatigue  life  of  the  0°  MMC  under  the  strain  control 
mode  was  compared  with  data  available  in  the  literature 
under  the  load  control  mode.  As  mentioned  in  Chapter  II, 
the  maximum  strain  and  minimum  strain  in  the  load  control 
mode  increases  during  a  fatigue  test,  but  the  strain  range 
typically  remains  constant  under  isothermal  conditions  [33, 
69] .  Investigations  employing  the  load  control  mode 
typically  plot  the  fatigue  cycles  to  failure  as  a  function 
of  the  strain  range.  This  method  was  used  for  this  study. 
Since  the  strain  range  was  not  constant  for  the  tests 
conducted  in  this  study  (Figure  3.6),  the  strain  range 
measured  at  the  half-life  was  used  for  the  specimens 
subjected  to  fatigue  under  the  hybrid  strain  control  mode. 

Figure  4.37  shows  the  fatigue  life,  as  a  function  of 
strain  range,  for  both  the  strain  control  mode  and  load 
control  mode  (isothermal  conditions) .  The  three  regions 
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Fiber  Fracture 


Figure  4.37  0°  Lamina  Fatigue  Life  Diagram  -  Strain  Control 

vs.  Load  Control 
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described  in  Figure  4.36  are  shown.  Each  region  was  shifted 
down  to  account  for  the  change  in  scale,  but  the  data  points 
defining  the  regions  remained  the  same.  For  example,  in 
Figure  4.36  the  partition  between  Regions  I  and  II  was 
estimated  at  .73%.  This  was  because  the  specimen  that 
failed  in  fatigue  at  a  maximum  strain  of  .75%  (Ac  =  .62%) 
exhibited  a  fiber  dominated  failure  mode,  while  the  specimen 
subjected  to  fatigue  at  a  maximum  strain  .7%  (Ae  =  .58%) 
exhibited  a  matrix  dominated  failure  mode.  On  a  strain 
range  basis,  this  partition  now  falls  at  approximately  .6%. 
The  partition  between  regions  II  and  III  was  chosen  in  a 
similar  manner. 

A  through  understanding  of  the  damage  mechanisms,  such 
as  that  obtained  in  this  study,  was  not  available  for  the 
load  control  mode.  So  the  discussion  of  Figure  4.37  is 
limited  to  a  few  salient  observations.  First,  as  previously 
described,  Region  I  was  defined  as  the  fiber  dominated 
failure  mode.  A  large  scatter  in  the  data  was  observed  in 
this  region.  The  data  from  the  load  control  fatigue  tests 
also  show  a  large  scatter  above  a  strain  range  of  .6%.  This 
suggests  that  these  specimens  were  also  dominated  by  fiber 
fractures.  Second,  as  observed  by  Majumdar  and  Newaz  [69], 
below  a  strain  range  of  .6%  (Region  II)  the  fatigue  lives 
fall  within  a  narrow  scatter  band.  The  data  obtained  from 
the  strain  controlled  fatigue  test  fell  well  within  this 
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scatter  band.  This  indicates  that  the  fatigue  life  depends 
on  the  strain  range  in  this  region. 


A  final  noteworthy  observation  from  Figure  4.36  is  the 
lack  of  temperature  dependence  on  fatigue  life  in  Region  II. 
This  may  be  the  result  of  how  the  different  damage  and 
deformation  mechanisms  accumulate.  For  example,  consider 
that  the  total  damage  is  a  linear  summation  of  different 
mechanisms  (i.e.  matrix  cracks,  matrix  creep,  fiber  cracks). 
As  the  temperature  changes,  the  accumulation  of  damage  due 
to  some  mechanisms  may  be  slower,  but  the  contribution  to 
the  total  damage  from  other  mechanisms  (i.e.  creep)  may 
increase  at  the  same  time.  Thus,  when  the  total  damage  is 
the  same,  the  fatigue  lives  will  also  be  equivalent. 

Summary  of  _0.°  Lamina,  B£faagi<2£ 

The  fatigue  behavior  of  the  0°  SCS-6/Ti-15-3  MMC  lamina 
has  been  characterized  under  the  strain  control  loading  mode 
at  427°C.  Two  distinct  failure  modes  were  identified: 
fiber  fractures,  and  matrix  cracking.  Microscopic  analysis 
revealed  that  for  specimens  tested  in  fatigue  at  strain 
levels  greater  than  .73%,  fiber  fractures  were  the  dominant 
damage  mechanism.  For  this  failure  mode,  the  fatigue 
response  dominated  by  matrix  creep  and  plastic  deformation, 
but  fiber  fractures  led  to  specimen  failure.  On  the  other 
hand,  for  specimens  tested  in  fatigue  with  a  maximum  strain 
less  than  .73%,  matrix  cracking  was  shown  to  be  the  dominant 


failure  mechanism.  In  this  case,  the  fatigue  response  was 
partitioned  into  two  stages.  The  first  stage  was  dominated 
by  creep  deformation  of  the  matrix.  Plastic  deformation  of 
the  matrix  was  also  observed  in  this  stage  for  those 
specimens  loaded  above  a  strain  level  greater  than  .55%. 

The  second  stage  was  shown  to  be  dominated  matrix  cracks. 
Finally,  the  fatigue  life  was  plotted  as  a  function  of 
maximum  applied  strain.  This  curve  was  partitioned  into 
three  regions  of  damage. 

90°  Lamina 

Having  gained  insight  into  the  fatigue  behavior  of  the 
neat  matrix  and  the  0°  lamina,  fatigue  tests  and  microscopic 
analysis  were  performed  on  the  90°  lamina  (fibers 
perpendicular  to  the  loading  direction) .  The  next  few 
sections  discuss  the  results  from  the  fatigue  tests  and  the 
ensuing  microscopic  analysis.  A  three  region  fatigue  life 
diagram  was  generated  based  on  the  findings  from  the 
experiments  and  microscopic  analysis. 

Fatigue  Behavior 

First  Cycle  Stress-Strain  Response 

Before  proceeding  with  a  discussion  on  the  fatigue 
behavior,  a  few  unique  characteristics  of  the  stress-strain 
response  of  the  90°  lamina  are  presented.  This  will  help  to 
better  understand  the  selection  of  strain  levels  chosen  to 


132 


characterize  this  lamina,  and  it  will  facilitate  the 
discussion  of  the  results  obtained  from  the  fatigue  tests. 

Figure  4.38  shows  the  first  cycle  stress-strain 
response  for  a  specimen  that  was  loaded  to  a  maximum  strain 
of  .45%.  A  nonlinear  response  was  observed  to  have 
initiated  at  a  strain  level  of  approximately  .1%.  Previous 
studies  [54,  68]  have  shown  that  this  nonlinearity  was 
dominated  by  the  initiation  of  fiber-matrix  interface 
damage,  rather  than  plastic  deformation  of  the  matrix.  This 
damage  causes  a  gap  to  open  between  the  fiber  and  matrix 
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and,  as  a  result,  the  specimen  stiffness  was  reduced.  Due 
to  this  damage,  the  unloading  modulus  was  also  significantly 
lower  than  the  initial  loading  modulus.  Another  knee  can  be 
observed  when  the  specimen  was  unloaded.  This  is  a  result 
of  the  gap,  between  the  fiber  and  matrix,  closing  [82,93], 
which  leads  to  an  increase  in  the  unloading  stiffness.  This 
discussion  illustrated  the  effect  that  the  fiber-matrix 
interface  damage  has  on  the  response  of  the  90°  lamina.  As 
will  be  shown  shortly,  all  of  the  damage  in  this  lamina  is 
related  to  the  presence  of  the  fiber-matrix  interface. 

Majumdar  and  Newaz  [68]  characterized  the  initial 
stress-strain  response  of  the  90°  SCS-6/Ti-15-3  lamina  at 
room  temperature.  They  identified  three  stages  of  loading¬ 
unloading  behavior  (Figure  4.39).  Stage  I  was  described  as 
a  linearly  elastic  response  (i.e.  no  fiber-matrix  interface 
damage  or  matrix  plasticity) .  In  Stage  II  and  Stage  III, 
however,  inelastic  deformation  was  observed.  Inelastic 
deformation  in  Stage  II  was  shown  to  be  dominated  by  the 
fiber-matrix  interface  damage.  A  secondary  mechanism  was 
shown  to  be  matrix  plasticity.  This  can  be  observed  by 
noting  that  a  small  residual  strain  was  present  after 
unloading  to  zero  load.  In  Stage  III,  a  second  knee  in  the 
loading  curve  was  observed  at  a  strain  level  of 
approximately  .5%.  Also,  a  larger  residual  strain  was 
present  upon  unloading  to  a  zero  load.  It  was  shown  that 
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Figure  4.39  Schematic  Representation  of  the  Typical 
Loading-Unloading  Response  of  a  90°  MMC 

this  behavior  was  dominated  by  the  plastic  deformation  of 
the  matrix. 

The  concept  of  three  stages  proposed  by  Newaz  and 
Majumdar  can  also  be  used  at  elevated  temperature.  This 
proved  to  be  a  useful  tool  in  selecting  the  strain  levels  to 
characterize  the  fatigue  behavior.  Figure  4.40  shows  a 
static  test  of  the  90°  lamina  at  427°C.  The  stages  proposed 
by  Newaz  and  Majumdar  are  highlighted.  For  this  study,  the 
90°  laminas  were  loaded  in  fatigue  at  maximum  strain  levels 


rigrure  4.40  SCS-6/Ti-15-3  90°  Lamina  Monotonic  o-e  Curve  at 

427°C  [63] 

of  .1%,  .2%, .25%,  .3%,  .4%,  and  .45%,  all  of  which  fall  into 
Stages  I  and  II  (Figure  4.40).  Testing  the  lamina  at  these 
strain  levels  helped  to  develop  the  relationship  between  the 
fatigue  life  and  damage  mechanisms  (Figure  2.13).  With  this 
above  background  information,  a  more  detailed  discussion  of 
the  fatigue  response  is  presented  next. 

90  Lamina  Fatigue  Response 

Six  strain  controlled  fatigue  tests  were  conducted  on 
the  90°  lamina.  Table  4.5  shows  a  summary  of  the  dominant 
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failure  modes  and  the  associated  regions  on  the  fatigue 
curve  (Figure  2.13). 


Table  4.5.  Summary  of  the  90°  Lamina  Failure  Modes 


Maximum 

Failure 

Fatigue  Curve 

Strain 

(%) 

Mode 

Region 

>.35 

Matrix  Cracks 

I 

<.35 

Matrix  Cracks,  Interface 

Damage  I la 

<.23 

Interface  Damage 

lib 

The  failure  modes  were  different  than  those  described  in 
Chapter  II.  It  was  observed  that  for  specimens  tested  in 
fatigue  with  a  maximum  strain  greater  than  .35%,  the  fatigue 
behavior  was  dominated  by  the  propagation  and  coalescence  of 
matrix  cracks.  In  these  cases  the  specimens  fractured. 

When  the  maximum  strain  was  in  the  range  of  .23%  to  .35%, 
the  dominant  damage  mechanisms  were  small  matrix  cracks  and 
a  progression  of  the  fiber  matrix-interface  damage.  The 
specimens  did  not  fracture  in  these  cases.  The  specimen 
fracture  also  did  not  occur  for  those  specimens  subjected  to 
fatigue  at  strain  levels  less  than  .23%,  and,  as  shown  in 
Table  4.5,  the  damage  was  limited  to  a  the  breakdown  of  the 
fiber-matrix  interface.  The  details  of  the  fatigue  behavior 
in  these  regions  are  discussed  next. 
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Region  I  -  Matrix  Cracking 
Stress-Strain  Response 

Figure  4.41  shows  the  typical  history  of  the  stress- 
strain  response  for  a  specimen  which  exhibited  matrix 
cracking  as  the  dominant  failure  mode.  This  particular  case 
was  for  a  specimen  subjected  to  fatigue  with  a  maximum 
strain  of  .45%.  A  nonlinear  response  was  observed  on  the 
first  fatigue  cycle.  This  was  previously  mentioned  to  be 
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dominated  by  the  initiation  of  the  fiber-matrix  interface 
damage.  By  extrapolating  the  unloading  curve  to  a  zero  load 
(dashed  line) ,  a  small  residual  strain  was  observed.  This 
indicates  that  some  plastic  deformation  of  the  matrix  had 
occurred  [68]  .  It  will  be  shown  later  that  plastic 
deformation  of  the  matrix  initiates  at  a  strain  level  of 
approximately  .23%. 

After  the  first  loading  cycle,  a  small  hysteresis  was 
still  observed  in  the  subsequent  stress-strain  curves 
(Figure  4.41).  Although  the  majority  of  the  fatigue  damage 
initiated  on  the  first  cycle  (large  hysteresis) ,  the 
hysteresis  in  these  curves  suggests  that  the  damage  was 
rapidly  propagating.  This  behavior  was  typically  observed 
early  in  the  fatigue  life  for  the  specimens  that  had 
developed  matrix  cracks.  As  will  be  shown  shortly,  the 
fiber-matrix  interface  damage  may  progress  without  showing 
any  measurable  hysteresis  in  the  stress-strain  response. 
Thus,  this  response  was  most  likely  due  to  the  initiation 
and  propagation  of  the  matrix  cracks. 

Stress  and  Modulus  Histories 

Figure  4.42  shows  the  histories  of  the  maximum  stress, 
minimum  stress,  and  modulus4  for  the  specimen  tested  in 
fatigue  at  a  maximum  strain  of  .4%.  As  in  the  previous 


4  See  Appendix  B  for  details  on  how  the  modulus  was  measured  for  the  90° 
laminas  tested  in  fatigue. 
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case,  this  specimen  also  fractured,  and  the  microscopic 
analysis  revealed  that  the  dominant  damage  mechanism  was 
matrix  cracking.  For  discussion  purposes,  the  fatigue 
response  was  partitioned  into  two  stages  to  show  the 
progression  of  damage. 

The  response  in  Stage  I  was  dominated  by  the  initiation 
of  the  fiber-matrix  interface  damage  on  the  first  loading 
cycle.  This  can  be  observed  by  the  large  reduction  in  the 
loading  modulus.  A  small  drop  in  the  maximum  stress  was 
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observed  in  this  stage.  The  analysis  (Chapter  VI)  will 
shown  that  this  relaxation  of  the  stress  was  not  due  to 
matrix  creep,  so  it  must  be  due  to  the  development  of  matrix 
cracks  and  possibly  the  progression  of  fiber-matrix 
interface  damage.  It  was  suspected  that  a  corresponding 
decrease  in  the  modulus  was  not  observed  due  to  age 
hardening  of  the  matrix,  which  has  been  discussed  previously 
(Figure  4.10) . 

In  Stage  II,  a  simultaneous  reduction  in  the  maximum 
stress  and  the  modulus  was  observed.  The  micromechanical 
analysis  (Chapter  VI)  will  show  that  creep  deformation  of 
the  matrix  accounts  for  only  a  small  percentage  of  the 
reduction  in  stress.  Thus,  the  Stage  II  response  was 
dominated  by  the  propagation  of  matrix  cracks.  Specimen 
fracture  occurred  when  these  cracks  coalesced. 

The  above  discussion  suggests  the  following  progression 
of  damage  for  the  specimens  tested  in  fatigue  above  a  strain 
level  of  .35%: 

(1)  fiber-matrix  interface  damage  initiates  on  the 
first  loading  cycle  (Stage  I) 

(2)  An  incubation  period  for  matrix  cracks  (Stage  I) 

(3)  Matrix  cracks  began  to  propagate  (Stage  II) 

(4)  Matrix  cracks  begin  to  coalesce  and  the  specimen 
fractures  (Stage  II) . 
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The  physical  evidence  of  these  damage  mechanisms  will  be 
shown  later. 

Region. Ha  -  Progressive  Fiber-Matrix  Interface  Damage 
ad  Matrix  Cracking 
Stress-Strain  Response 

Figure  4.43  shows  the  typical  stress-strain  response 
for  a  specimen  that  exhibited  a  combination  of  matrix  cracks 
and  a  progression  of  the  fiber-matrix  interface  damage. 

This  particular  case  is  for  a  specimen  subjected  to  fatigue 
with  a  maximum  strain  level  of  .25%.  As  expected,  the 
stress-strain  response  on  the  first  fatigue  cycle  was 
nonlinear  and  a  large  hysteresis  was  observed.  This  was 
previously  mentioned  to  be  due  to  the  initiation  of  the 
fiber-matrix  interface  damage.  Some  of  the  subsequent 
curves  also  showed  a  slight  hysteresis.  As  discussed 
earlier,  this  implies  that  damage  (matrix  cracks)  was 
continuing  to  occur  well  beyond  the  first  fatigue  cycle. 

Later  in  the  fatigue  life,  the  stress-strain  response 
became  nearly  linear,  and  no  hysteresis  was  observed.  It 
was  suspected  that  this  response  was  due  to  the  matrix 
cracks  being  arrested.  In  Chapter  VI,  the  analysis  will 
show  that  the  propagation  of  fiber -matrix  interface  damage 
becomes  the  dominant  damage  after  the  matrix  era  xs  are 
arrested. 
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Stress  and  Mbdulus  HigtQtie.5. 

Figure  4.44  shows  the  histories  of  the  maximum  stress, 
minimum  stress,  and  modulus  for  the  above  case.  Vs  before, 
the  mechanical  response  was  split  into  two  stages  to  show 
the  progression  of  damage.  In  Stage  I  the  response  was 
similar  to  that  described  for  the  previous  failure  mode. 
However,  in  Stage  II  the  response  was  different.  In  this 
stage,  the  matrix  cracks  started  progress,  which  can  be 
observed  by  the  reduction  in  the  modulus.  Microscopy  will 
reveal  that  matrix  cracks  developed  but  did  not  coalesce,  so 
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Figure  4.44  90°  Lamina  Stress  and  Modulus  Histories, 


emax=  -25% 


the  specimen  did  not  fracture.  The  stress  continued  to 
relax  instead.  The  analysis  (Chapter  VI)  will  show  that 
some  of  the  stress  relaxation  is  the  result  of  matrix  creep. 
Further,  the  microscopic  analysis  will  reveal  that  the 
fiber-matrix  interface  damage  progressed  when  the  matrix 
cracks  were  arrested,  so  this  mechanisms  also  contributes  to 
the  reduction  in  stress. 


The  above  discussion  suggests  the  following  damage 
progression  for  the  specimens  tested  in  fatigue  with  a 
maximum  strain  in  the  range  of  .23%  to  .35%: 

(1)  fiber-matrix  interface  damage  initiates  during  the 
first  loading  cycle 

(2)  An  incubation  period  for  matrix  cracks 

(3)  Matrix  cracks  begin  to  propagate  but  are  arrested 
due  to  a  drop  in  stress 

(4)  Fiber-matrix  interface  damage  begins  to  propagate 
Also,  due  to  the  longer  fatigue  life,  creep  deformation  of 
the  matrix  has  more  time  to  accumulate  and  contribute  to  the 
reduction  in  the  stress.  The  evidence  of  these  damage 
mechanisms  will  be  shown  shortly. 

Region  lib  -  Progressive  Fiber-Matrix  Interface  Damage 

For  all  of  the  specimens  loaded  in  fatigue  below  a 
strain  level  of  .23%,  the  fatigue  behavior  was  similar.  The 
only  difference  occurred  on  the  first  loading  cycle.  For  a 
maximum  strain  of  .2%,  a  slight  hysteresis  was  observed  on 
the  first  loading  cycle5,  but,  as  will  be  shown  shortly,  a 
linearly  elastic  stress-strain  response  was  observed  for  the 
case  of  when  the  maximum  strain  was  .1%. 

Stress-Strain  Response 

Figure  4.45  shows  the  history  of  the  stress-strain 
response  for  the  specimen  loaded  in  fatigue  at  a  maximum 

5  See  Appendix  B  for  additional  experimental  results  of  the  90°  lamina. 
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strain  level  of  .1%.  The  first  cycle  response  was  linearly 
elastic.  This  indicates  that  there  was  no  initiation  of  the 
fiber-matrix  interface  damage.  The  subsequent  stress-strain 
responses  were  also  linear,  so  this  specimen  showed  no 
measurable  signs  of  damage  (i.e.  no  hysteresis). 


Figure  4.45  90°  Lamina  o-e  History,  enax=  .  1% 


Stress  and  Modulus  Histories 

Figure  4.46  shows  the  histories  of  the  maximum  stress, 
minimum  stress,  and  modulus  for  the  above  case.  The  typical 
two  stage  response  is  shown.  In  Stage  I,  it  was  observed 
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that  both  the  stress  and  modulus  remained  constant.  A 
simultaneous  decrease  in  the  stress  and  specimen  stiffness 
was  then  observed  (Stage  II) ,  so  some  damage  did  initiate  in 
fatigue . 

In  Chapter  VI,  the  analysis  will  show  that  the 
propagation  of  fiber-matrix  interface  damage  becomes  the 
dominant  damage  mechanism  at  later  times  in  the  fatigue 
life.  The  micromechanical  analysis  (Chapter  VI)  will  reveal 
that  the  matrix  creep  accounted  for  only  a  small  percentage 
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of  this  total  relaxation  of  the  stress.  It  will  be  shown 
later  that  this  response  was  due  mainly  to  the  initiation 
and  progression  of  the  fiber-matrix  interface  damage.  As  in 
the  previous  cases,  the  reduction  in  the  specimen  stiffness 
ceased  to  occur.  The  reason  for  this  will  be  discussed 
next . 

Modulus  Behavior 

Figure  4.47  compares  the  histories  of  the  modulus,  as  a 
function  of  time,  for  a  neat  matrix  specimen  with  that  of 
two  90°  laminas.  All  three  of  these  specimens  were 
subjected  to  fatigue.  The  initial  stiffness  reduction  for 
the  90°  specimen  tested  at  a  maximum  strain  level  of  .25% 
was  explained  earlier.  This  discussion  concentrates  on  the 
modulus  response  later  in  the  fatigue  life. 

It  was  observed  that  the  modulus  of  the  neat  matrix 
showed  a  measurable  increase  after  approximately  60  minutes. 
This  has  been  discussed  previously,  and  it  was  found  to  be 
due  to  the  age  hardening  of  the  matrix  (Figure  4.9).  This 
same  behavior  can  be  assumed  to  occur  in  the  fiber- 
reinforced  matrix.  Thus,  in  the  MMC,  there  are  two 
competing  mechanisms.  The  first  is  the  accumulation  of 
damage,  which  results  in  a  reduction  in  the  modulus.  The 
second  mechanism  was  an  increasing  stiffness  of  the  matrix. 
When  the  modulus  of  the  MMC  shows  a  reduction,  this  implies 
that  the  damage  was  the  dominant  mechanism.  On  the  other 
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Figure  4.47  Modulus  vs.  Time  for  Neat  Matrix  and  90°  Lamina 


hand,  when  the  modulus  was  increasing,  age  hardening  of  the 
matrix  was  the  dominant  mechanism.  The  increase  in  the 
matrix  stiffness  probably  served  to  mask  some  of  the  fatigue 
damage.  If  no  increase  in  the  matrix  stiffness  had 
occurred,  the  specimens  would  have  shown  a  slightly  lower 
modulus  than  measured. 
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Fiber-Matrix  Interface  Damage  Progression 
All  specimens  tested  in  fatigue  showed  a  drop  in  the 
modulus  after  the  first  fatigue  cycle  when  the  maximum 
strain  was  greater  than  .1%.  Figure  4.48  compares  the  first 
cycle  unloading  modulus  as  a  function  of  the  maximum  strain. 
It  was  observed  that  the  unloading  modulus  decreased  with  an 
increase  in  the  level  of  applied  strain.  This  was  explained 
earlier  to  be  due  to  the  initiation  of  the  fiber-matrix 
interface  damage.  Based  on  this  observation,  it  is  proposed 
in  this  study  that  the  fiber-matrix  interface  damage  be 
considered  as  a  progressive  damage  mechanism.  For  example, 
the  extent  of  interface  damage  increases  with  an  increase  in 
the  applied  strain  (Figure  4.49).  This  phenomenon  lowers 
the  initial  unloading  stiffness  with  an  increase  in  the 
applied  strain.  As  fatigue  continues,  this  approach  allows 
for  a  progression  of  the  fiber-matrix  interface  damage.  In 
Chapter  V  this  concept  is  applied  to  model  the  fatigue 
response  of  the  90°  lamina. 

90°  Lamina  Fatigue  Response  Summary 

The  fatigue  response  and  damage  mechanisms  of  the  90° 
lamina  are  summarized  in  Figure  4.50.  This  figure  combines 
the  typical  fatigue  responses  for  both  regions  on  the 
fatigue  curve  and  the  characteristic  damage  mechanisms 
discussed  above.  The  physical  evidence  of  these  damage 
mechanisms  are  given  in  the  next  section,  and  the  support 
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Figure  4.48  First  Cycle  Unloading  Modulus  vs.  Maximum 
Strain  for  90°  Lamina 

for  the  matrix  creep  deformation  will  be  shown  in  Chapter 
VI. 

The  fatigue  response  was  partitioned  into  two  stages. 

In  Stage  I,  for  those  specimens  subjected  to  fatigue  above  a 
strain  level  of  .1%,  the  response  was  dominated  by  the 
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Figure  4.49  Progressive  Fiber-Matrix  Interface  Damage 


initiation  of  fiber-matrix  interface  damage.  This  stage  was 
also  an  incubation  period  for  matrix  cracks.  Then  a 
simultaneous  decrease  in  the  modulus  and  stress  was 
observed,  which  was  defined  as  Stage  II.  For  specimens 
tested  with  a  strain  level  greater  than  .35%,  the  matrix 
cracks  propagated  and  coalesced  to  induce  specimen  fracture. 
When  fatigue  occurred  below  a  strain  level  of  .35%,  the 
matrix  cracks  were  arrested.  As  a  result,  a  combination  of 
matrix  creep  and  a  progression  of  the  fiber-matrix  interface 


Figure  4.50  Schematic  of  Typical  90°  Lamina  Fatigue 
Response  and  Damage  Mechanisms 
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.23%  )  Matrix  Creep 


damage  led  to  large  reductions  in  the  maximum  stress.  For  a 
maximum  strain  level  below  .23%,  the  only  damage  observed 
was  the  fiber-matrix  interface  damage,  which  was  also 
accompanied  by  matrix  creep. 

Microscopy  -  Damage  Mechanisms 

In  the  previous  section,  the  fatigue  behavior  of  the 
90°  lamina  was  discussed  with  reference  to  the  mechanical 
response.  This  section  identifies  the  damage  mechanisms 
observed  from  the  f ractographic  analysis.  The  damage 
mechanisms  are  discussed  with  reference  to  the  fatigue  curve 
(Figure  2.13) 

Region  I  -  Matrix  Cracking 

The  specimens  subjected  to  fatigue  with  a  maximum 
strain  greater  than  .35%  fractured.  Figure  4.51  shows  a 
typical  cross  section  of  the  specimen  tested  in  fatigue  with 
a  maximum  strain  of  .4%.  Intense  matrix  cracking  was 
observed  on  several  planes.  They  eventually  coalesced  into 
a  single  crack,  which  led  to  fracture  of  the  specimen.  It 
was  observed  that  portions  of  the  fiber-matrix  interface 
were  still  intact.  This  implies  that  matrix  cracking  was 
the  dominant  damage  mechanism  after  the  initiation  of  the 
fiber-matrix  interface  damage. 
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Figure  4.51  Cross  Section  of  90°  Lamina, 
€max=  .4%  (100X) 


Region  Ila  -  Progressive  Fiber-Matrix  Interface  Damage 
and  Matrix  Cracking 

When  a  specimen  was  subjected  to  fatigue  below  a 
maximum  strain  of  .35%,  the  specimen  fracture  did  not  occur. 
There  was  some  matrix  cracking  observed  when  the  maximum 
strain  was  greater  than  .23%.  Figure  4.52  shows  a  typical 
cross  section  of  the  specimen  tested  with  a  maximum  strain 
level  of  .25%.  Some  matrix  cracking  was  observed,  but  they 
did  not  propagate  through  the  specimen. 

Figure  4.53  shows  a  typical  damaged  area  of  a  specimen 
tested  in  this  region.  Small  matrix  cracks  were  observed 
propagating  out  of  the  fiber-matrix  interface.  These  cracks 
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Finally,  there  were  no  signs  o 
occurred  below  the  this  level 


plastic  deformation  of  the  matrix  initiates  at  a  strain 
level  of  approximately  .25%. 


Figure  4.55  Cross  Section  of  90°  Lamina, 


eraax=  .2%  (100X) 
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Figure  4.56  Fiber-Matrix  Interface  Damage  in 
90°  Lamina,  emax=  of  .2%  (500X) 


As  in  the  previous  case,  the  general  condition  of  the 
specimen  subjected  to  fatigue  with  a  maximum  strain  of  .1% 
was  good.  As  expected,  there  were  no  matrix  cracks,  but 
some  fiber-matrix  interface  damage  did  initiate.  Figure 
4.57  shows  a  typical  damaged  fiber-matrix  interface  for  this 
specimen.  Partial  failure  of  the  interface  was  observed. 

It  was  shown  that  a  reduction  in  modulus  occurred  for  this 
specimen  (Figure  4.46),  which  can  now  be  attributed  to  this 
damage . 

Since  the  history  of  the  stress-strain  response  was 
linear  (Figure  4.45),  this  interface  breakdown  must  have 
progressed  over  several  hundred,  or  several  thousand. 
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It  was  suggested  previously  that  the  fiber-matrix 


interface  failure  was  a  progressive  event  (Figure  4.48). 
The  above  findings  suggests  that  this  may  only  address  one 
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part  of  the  actual  physical  phenomenon.  It  was  shown  above 
that  more  and  more  of  the  fiber-matrix  interfaces  failed  as 
the  strain  level  increased.  The  frequency  of  failed 
interfaces  increased  dramatically  when  the  maximum  strain 
was  increased  from  .1%  to  .2%.  Thus,  in  addition  to  the 
progressive  fiber-matrix  interface  damage,  these 
observations  suggests  that  the  interface  damage  has  a 
statistical  distribution.  These  concepts  are  further 
explored  in  Chapter  V. 

Fatigue  Life  Analysis 

It  is  desirable  to  develop  fatigue  curves  which  relate 
the  specimen  fatigue  life  to  the  dominant  damage  mechanisms. 
The  information  from  the  fatigue  tests  and  the  microscopic 
analysis  provides  the  data  base  to  achieve  this  goal .  In 
this  section,  the  fatigue  life  was  plotted  as  a  function  of 
the  maximum  applied  strain  level.  The  damage  mechanisms 
found  in  the  microscopic  analysis  were  used  to  partition  the 
fatigue  curve  into  three  regions . 

Failure  Definition 

As  mentioned  earlier,  in  the  strain  control  mode,  the 
specimen  fracture  does  not  always  occur.  In  addition  to 
specimen  fracture,  another  failure  criteria  must  therefore 
be  defined.  Gayda  and  Gabb  [35]  performed  constant 
amplitude  strain  controlled  fatigue  tests  on  the  90°  SCS- 
6/Ti-15-3  lamina  at  42'7°C.  When  the  specimen  fracture  did 
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not  occur,  they  defined  failure  to  be  a  75%  reduction  in 
maximum  stress.  It  was  desired  to  compare  this  data  with 
the  data  obtained  from  the  hybrid  stain  control  mode  used  in 
this  study.  Therefore,  the  75%  reduction  in  lamina  stress 
was  used  to  define  failure  when  the  specimen  fracture  did 
not  occur.  This  failure  criteria  was  also  used  to  define 
the  fatigue  life  of  the  neat  matrix. 

Fatigue  Life  -  Strain  Control 

Figure  4.58  shows  the  fatigue  life  of  the  90°  lamina  as 
a  function  of  maximum  applied  strain.  The  data  obtained 
from  fatigue  tests  conducted  in  this  study  on  the  neat 
matrix  and  data  available  in  the  literature  [34]  for  the  90° 
lamina  are  also  shown.  The  data  obtained  from  Reference  34 
were  for  the  constant  amplitude  strain  controlled  mode  at 
427°C.  Based  on  observations  from  the  microscopic  analysis, 
the  fatigue  curve  was  partitioned  into  three  regions.  These 
regions  are  discussed  in  more  detail  next. 

Region  I  -  Matrix  Cracking 

Region  I  was  defined  by  the  applied  strain  levels  that 
induced  fracture  of  the  specimen.  In  this  region,  matrix 
cracking  was  shown  to  be  the  dominant  damage  mechanism.  The 
effect  of  damage  can  be  observed  by  comparing  the  fatigue 
lives  of  the  composite  to  that  of  the  neat  matrix  at  the 
similar  strain  levels.  In  the  cases  where  the  maximum 
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Figure  4.58  90°  Lamina  Fatigue  Life,  Strain  Control 
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strain  levels  were  .4%  and  .45%,  the  composite  fatigue  life 
was  much  shorter. 

The  difference  in  the  fatigue  lives  was  due  to  the 
development  of  damage  in  the  MMC .  It  was  previously  shown 
that  the  fatigue  response  of  the  neat  matrix  was  dominated 
by  the  creep  deformation.  The  presence  of  the  fibers  result 
in  damage  to  the  MMC  at  the  fiber-matrix  interface.  There 
are  also  stress  concentrations  due  to  the  presence  of  the 
stiff  fiber.  This  results  in  the  matrix  plastically 
deforming  in  these  areas,  which  followed  by  the  development 
of  matrix  cracks  (Figure  4.54).  The  propagation  of  these 
cracks  result  in  specimen  fracture  and  a  shorter  fatigue 
life  than  the  neat  matrix. 

Region  II  -  Progressive  Fiber-Matrix  Interface  Damage 

and  Matrix  Cracking 

Region  II  was  defined  by  the  specimens  that  showed  a 
75%  reduction  in  the  maximum  stress.  It  has  been  shown  that 
the  fatigue  response  and  damage  mechanisms  in  this  region 
were  slightly  different,  so  two  subregions  were  created. 
These  differences  are  highlighted  in  Figure  4.58. 

It  was  observed  that  the  fatigue  life  of  the  composite 
was  similar  to  the  neat  matrix  in  this  region.  This  would 
imply  that  response  of  the  MMC  was  dominated  by  matrix 
creep.  However,  it  has  been  shown,  in  this  study,  that  the 
damage  mechanisms  were  not  the  same.  The  reduction  in 
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stress  for  the  neat  matrix  was  due  solely  to  creep 
deformation.  The  reduction  in  the  lamina  stress  was  a 
combination  of  the  fiber-matrix  interface  damage,  and  matrix 
cracking  in  addition  to  matrix  creep;  the  secondary  damage 
mechanisms  (matrix  cracking  and  matrix  plasticity)  do  not 
occur  in  Region  lib. 

The  convergence  of  the  fatigue  lives  is  a  result  of  the 
total  accumulation  of  these  mechanisms.  As  fatigue  damage 
accumulates  in  the  MMC  the  stress  relaxes.  This  has  the 
effect  of  slowing  the  rate  of  matrix  creep  (Figure  4.7  and 
4.8).  The  similarities  in  the  fatigue  life  were  a  result  of 
the  total  accumulation  of  creep  in  the  neat  matrix,  and,  in 
the  case  of  the  MMC,  the  accumulation  of  the  matrix 
deformation  and  fatigue  damage. 

A  good  correlation  of  the  data  was  observed  between  the 
two  types  of  strain  control  techniques  in  this  region.  The 
fatigue  life  of  all  specimens  fell  within  acceptable  limits 
of  each  other.  Acceptable  limits  in  fatigue  testing  is 
generally  defined  by  a  factor  of  two,  and  the  scatter  in  the 
data  is  well  within  these  limits  (solid  lines) .  Thus,  for 
this  region,  the  hybrid  strain  control  mode  was  considered 
an  acceptable  method  to  characterize  the  fatigue  life  of  the 
90°  lamina. 
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Region  III  -  Fiber-Matrix  Interface  Fatigue  Limit 
Region  III  was  defined  were  no  fiber-matrix  interface 
damage  would  occur.  There  were  no  fatigue  tests  run  in  this 
region  nor  was  any  data  available  in  the  literature.  This 
point  was  approximated  based  on  the  experiments  and  the 
micromechanical  analysis  conducted  in  Chapter  VI.  It  was 
shown  earlier  that  the  stress-strain  response  for  the 
specimen  subjected  to  fatigue  at  a  maximum  strain  of  .1%  was 
entirely  linear  (Figure  4.45),  but  some  damage  did  initiate 
at  the  fiber-matrix  interface  (Figure  4.57).  Thus,  a  strain 
level  sufficiently  lower  than  .1%  needed  to  be  selected. 

From  the  analysis,  it  can  be  shown  that  the  residual  thermal 
stresses  at  the  fiber-matrix  interface  are  overcome  at  a 
strain  level  of  approximately  .05%.  No  fiber-matrix 
interface  separation  would  occur  below  this  strain  level. 
Based  on  these  observations,  the  fatigue  limit  of  the  fiber- 
matrix  interface  was  taken  at  the  strain  level  of  .05%. 
Fatigue  Life  -  Strain  Control  vs.  Load  Control 
For  comparison,  the  fatigue  life  of  the  90°  MMC  under 
the  strain  control  mode  was  plotted  along  with  data 
available  in  the  literature  under  the  load  control  mode. 

For  reasons  explained  when  discussing  the  fatigue  life  of 
the  0°  lamina,  the  data  were  plotted  on  a  strain  range 
basis.  Figure  4.59  shows  the  fatigue  life,  as  a  function  of 
strain  range,  for  both  the  strain  and  load  controlled  mode. 
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Figure  4.59  90°  Lamina  Fatigue  Life,  Load  Control 

vs.  Strain  control 
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Also,  the  three  regions  described  in  Figure  4.58  are  shown. 
As  in  the  case  of  the  0°  lamina,  the  regions  were  shifted 
down  to  account  for  the  change  in  scale,  but  the  damage 
mechanisms  that  defined  each  region  remained  the  same. 

The  data  to  get  as  through  an  understanding  of  the 
fatigue  damage  mechanisms  as  that  obtained  in  this  study 
were  not  available  for  the  load  control  case.  Further,  as 
can  be  observed  in  Figure  4.59,  only  a  limited  amount  of 
data  were  available  for  the  90°  lamina,  so  this  discussion 
is  limited  to  providing  a  brief  explanation  of  the 
similarities  of  the  fatigue  lives  in  Region  II. 

It  was  observed  that  the  scatter  band  in  Region  II  was 
narrow  (i.e.  less  than  a  factor  of  two  as  shown  by  the  solid 
lines) .  Even  though  the  fatigue  lives  were  similar,  the 
damage  mechanisms  between  the  two  control  modes  were 
probably  not  equal.  The  fatigue  lives  were  defined  by 
specimen  fracture  when  using  the  load  control  mode.  In  load 
control,  the  matrix  cracks  were  not  arrested  at  any  strain 
level.  This  is  contrary  to  the  situation  in  the  strain 
controlled  mode.  It  was  shown  before  that  the  cracks  are 
arrested  in  strain  control  when  the  maximum  strain  is  below 
.35%.  This  implies  that  the  convergence  of  the  fatigue 
lives  is  a  sum  of  the  total  damage  and  deformation 
mechanisms,  as  was  discussed  in  the  fatigue  life  of  the  0° 
lamina.  This  suggests  that  an  evolutionary  law,  relating 
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the  different  damage  and  deformation  mechanisms,  can  be 
developed  and  applied  to  predict  the  fatigue  response  under 
each  control  mode. 

Summary  of  90°  Lamina  Behavior 

The  fatigue  behavior  of  the  SCS-6/Ti-15-3  90°  lamina 
has  been  characterized.  It  was  shown  that  the  fatigue 
response  was  strongly  influenced  by  the  fiber-matrix 
interface  damage.  The  initiation  of  this  damage  occurred  on 
the  first  fatigue  cycle  at  a  strain  level  above  .1%.  For 
the  specimens  subjected  to  fatigue  with  a  maximum  strain 
level  greater  than  .35%,  matrix  cracks  propagated  into 
adjoining  planes,  which  eventually  resulted  in  fracture  of 
the  specimen.  On  the  other  hand,  when  the  maximum  strain 
level  was  less  than  .35%,  the  progression  of  the  matrix 
cracks  was  arrested  by  a  reduction  in  the  maximum  stress.  A 
progression  of  the  fiber-matrix  interface  damage  then  became 
the  dominant  mechanism.  When  fatigue  occurred  below  a 
maximum  strain  level  of  .23%,  only  the  fiber-matrix 
interface  damage  was  observed.  Finally,  the  fatigue  life  of 
the  90°  lamina  was  plotted  as  a  function  of  maximum  applied 
strain.  The  fatigue  curve  was  partitioned  into  three 
regions  based  on  the  observed  damage  mechanisms. 
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Summary  of  Experimental  Results 


This  chapter  characterized  the  fatigue  behavior  of  the 
Ti-15-3  neat  matrix,  0°  SCS-6/Ti-15-3  MMC,  and  90°  SCS-6/Ti- 
15-3  MMC.  The  specimens  were  subjected  to  fatigue  using  a 
hybrid  strain  control  mode  at  elevated  temperature  (427°  C)  . 
Conclusions  based  on  the  observed  behavior  are  summarized 
below: 

Neat  Matrix  Relaxation  and  Fatigue  Responses 

(1)  The  Ti-15-3  neat  matrix  behaves  viscoplastically 
at  427°C . 

(2)  The  stress  relaxation  of  the  neat  matrix  was 
observed  to  be  a  function  of  time  and  the  applied  strain. 

(3)  The  fatigue  response  was  dominated  by  the  creep 
deformation. 

(4)  The  stiffness  of  the  neat  matrix  increased  when 
exposed  to  elevated  temperature  (427°C) . 

0°  Lamina  Fatigue  Response 

(1)  The  initial  nonlinear  response  of  the  0°  lamina 
above  a  strain  level  of  .55%  was  due  to  plastic  deformation 
of  the  matrix. 

(2)  Matrix  creep  was  a  significant  deformation 
mechanism. 

(3)  The  fatigue  response  of  the  0°  lamina  above  a 
maximum  strain  level  of  .73%  was  dominated  by  fiber 
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fractures.  This  was  accompanied  by  the  plastic  and  creep 
deformation  of  the  matrix. 

(4)  The  fatigue  response  of  the  0°  lamina  below  a 
maximum  strain  level  of  .73%  was  described  by  a  two  stages. 
In  Stage  I,  the  response  was  dominated  matrix  creep,  which 
was  accompanied  by  matrix  plastic  deformation  when  the 
maximum  strain  level  was  above  .55%.  In  this  stage,  a  state 
of  self-equilibrating  creep  developed  in  the  matrix,  which 
was  an  incubation  period  for  the  initiation  of  matrix 
cracks.  Finally,  in  Stage  II,  the  matrix  cracks  began  to 
propagate,  which  also  induced  some  damage  to  the  fiber- 
matrix  interface.  The  fiber-matrix  interface  damage  was 
also  influenced  by  oxidation.  As  a  result  of  these  damage 
mechanisms,  a  loss  in  stiffness  was  observed. 

(5)  The  fatigue  life  of  the  0°  lamina  under  strain 
control  was  partitioned  into  three  regions.  Region  I  was 
defined  by  the  specimens  that  exhibited  the  fiber  dominated 
failure  mode.  Region  II  was  defined  by  the  specimens  that 
exhibited  the  matrix  dominated  failure  mode.  Finally,  based 
on  the  data  obtained  in  this  study,  and  that  from  the 
literature,  the  matrix  fatigue  limit  (Region  III)  was 
defined  when  fatigue  occurred  below  a  maximum  strain  level 
of  .3%. 
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90°  Lamina  Fatigue  Response 

(1)  The  fiber-matrix  interface  damage  was  a 
significant  factor  in  the  fatigue  response  of  90°  lamina. 

(2)  The  initiation  of  the  fiber-matrix  interface 
damage  was  observed  to  occur  on  the  first  loading  cycle 
above  a  strain  level  of  .1%. 

(3)  The  initial  nonlinear  stress-strain  response  of  the 
90°  lamina  was  a  combination  of  the  fiber-matrix  interface 
damage  coupled  with  a  statistical  distribution  of  these 
interface  failures. 

(4)  Plastic  deformation  of  the  matrix  was  observed  for 
those  specimens  loaded  above  a  strain  level  of  .25%. 

(5)  After  the  initial  fiber-matrix  interface  damage, 
for  those  specimens  subjected  to  fatigue  above  a  strain 
level  of  .35%,  the  dominant  damage  mechanism  was  matrix 
cracking.  The  propagation  and  coalescence  of  these  cracks 
led  to  fracture  of  the  specimen. 

(6)  After  the  initial  fiber-matrix  interface  damage, 
for  those  specimens  tested  in  fatigue  above  a  maximum  strain 
of  .23%,  but  less  than  .35%,  the  progression  of  fatigue 
damage  was:  the  development  of  small  non-propagating  matrix 
cracks  originating  at  the  fiber-matrix  interface,  and  then  a 
progression  of  the  fiber-matrix  interface  damage  and  matrix 
creep . 
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(7)  When  fatigue  occurred  below  a  maximum  strain  level 


of  .23%,  the  fatigue  damage  was  limited  to  fiber-matrix 
interface  damage. 

(8)  The  fatigue  curve  of  the  90°  lamina  under  the 
strain  control  mode  was  partitioned  into  three  regions. 
Region  I  was  defined  by  those  specimens  that  exhibited 
failure  due  to  the  propagation  of  matrix  cracks.  Region  II 
was  defined  by  those  specimens  that  showed  a  75%  reduction 
in  stress.  This  region  was  further  partitioned  into  two 
subregions.  In  Subregion  Ila,  the  specimens  exhibited  a 
combination  of  small  non-propagating  matrix  cracks, 
progressive  fiber-matrix  interface  damage,  and  matrix  creep. 
In  Subregion  lib,  the  only  damage  was  the  fiber-matrix 
interface  damage,  but  some  matrix  creep  did  occur.  Finally, 
based  on  the  data  obtained  in  tais  study,  and  the 
micromechanical  analysis  shown  in  the  next  chapter,  Region 
III  was  defined  as  the  fiber-matrix  interface  fatigue  limit. 
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Details  of  the  analytical  models  used  for  predicting 
the  fatigue  behavior  of  the  unidirectional  SCS-6/Ti-15-3  MMC 
are  explained  in  this  chapter.  The  basic  principles  of  the 
concentric  cylinder  model  (CCM)  and  a  unit  cell  model  are 
presented  first.  This  is  then  followed  a  description  of  the 
scheme  used  to  model  the  elastic-viscoplastic  response  of 
the  matrix.  In  the  next  chapter,  these  models  are  applied 
to  better  understand  the  behavior  of  the  MMC  when  subjected 
to  fatigue. 

Concentric  Cylinder  Model 

The  concentric  cylinder  model  (CCM)  was  used  to  predict 
the  stresses  in  the  lamina  and  constituents  as  a  function  of 
fatigue  cycles  for  the  0°  MMC.  This  section  provides  the 
details  of  the  CCM  and  its  applications  in  this  study.  The 
material  model  is  presented  along  with  the  strain 
displacement  equations,  constitutive  equations,  and  boundary 
conditions  [100]  required  to  solve  for  the  stresses  of  the 
lamina  and  constituents. 

A  schematic  of  the  CCM  is  shown  in  Figure  5.1.  The  CCM 
is  composed  of  a  cylindrical  fiber  with  radius  r£,  which  is 
surrounded  by  a  cylindrical  matrix  of  radius  rm.  The 
following  assumptions  apply  to  this  model: 
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Figure  5.1  Concentric  Cylinder  Model 

(1)  A  state  of  axisymmetric,  generalized  plane  strain 
exists 

(2)  The  matrix  and  fiber  are  isotropic  materials 

(3)  The  matrix  and  fiber  properties  are  temperature 
independent 

(4)  The  fiber  is  linear  elastic 

(5)  The  matrix  is  elastic-viscoplastic. 

The  general  elastic  displacement  solution  which 
satisfies  the  equilibrium  condition  is  given  by 


(5.1) 


uz-Ar+— 

1  i 

where  A  and  B  are  constants  that  need  to  be  determined 
through  the  application  of  the  boundary  conditions. 
Equation  5.1  can  be  used  to  represent  the  matrix  and  fiber 
radial  displacements  as: 

(5.2 

=  V  +  ~f  f°*  rf*r  *rm 


uf=Cfrf  fori<.zf  (5.3) 

where  the  subscripts  m  and  f  refer  to  matrix  and  fiber, 
respectively.  For  the  axisymmetric ,  generalized  plane 
strain  condition,  the  strain-displacement  relations  are: 


=  e'o 

duz 

=  (5.4) 

e  -Jk 
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TO 

where  ej  is  the  applied  mechanical  strain.  The  following 
incremental  stress-strain  relationships  apply  in  the 
cylindrical  coordinate  system: 


Ao  =  , ,  1 

"  (l+Vj)  (l-2vi) 
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— [v  i  A  err  *  V;A  e*  +  ( 1  -  vi )  A  e„] -  a^T  (5.7) 


where  Eit  vt,  and  refer  to  the  instantaneous  modulus, 
Poisson's  Ratio,  and  the  coefficient  of  thermal  expansion 
(CTE) ,  respectively,  of  the  fiber  or  matrix. 

Three  boundary  conditions  are  required  to  solve  for  An,, 
Bm,  and  Cf  for  the  case  of  an  applied  strain  e0' . 

Additionally,  when  the  cylinders  are  free  to  deform  in  the 
longitudinal  direction  due  to  thermal  expansion,  a  fourth 
boundary  condition  is  required  to  solve  for  the  longitudinal 
thermal  strain  (eth)  .  The  first  boundary  condition  requires 
displacement  compatibility  at  the  fiber-matrix  interface: 


uf{rf)  =  um(rf)  (5.8) 

The  second  condition  requires  that  the  radial  stress  of  the 
matrix  is  zero  at  r  =  rm: 

or(rm)  =  0  (5.9) 

The  third  condition  requires  force  equilibrium  at  the  fiber- 
matrix  interface: 


°r  a(Zf)  =  °rt(rf)  (5.10) 

When  the  cylinders  are  free  to  deform  in  the  longitudinal 
direction  due  to  thermal  expansion,  the  fourth  boundary 
condition  requires  that  the  fiber  and  matrix  force  resultant 
sum  to  zero  in  the  longitudinal  direction: 
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2ti  j  aZfzdz  +  2nf  aZazdz  =  0 


(5.11) 


The  thermal  stresses  in  the  constituents  were  found  first  by 
by  solving  the  system  of  equations 


Bn 


;  th 


(5.12) 


for  the  unknowns,  where  [P]  and  {b}  are  given  in  Appendix  C. 
The  stresses  of  the  lamina  and  constituents  were  then 
obtained  for  an  applied  strain  e'0  .  This  system  of  equations 
is  similar  to  that  shown  in  Equation  5.12  and  is  also  given 
in  Appendix  C. 

For  each  increment  of  strain  or  temperature,  the  system 
of  equations  was  developed  and  the  unknowns  were  found  by 
using  an  LU  decomposition  routine.  After  obtaining  these 
unknowns,  the  incremental  fiber  and  matrix  stresses  were 
then  determined  using  Equations  5.2  through  5.7.  The  total 
stresses  were  then  found  from: 


0  =0  +  A o 

^  zz i  ” ZZi- 1 


°ee1-0  0e1-1+A°eei 


(5.13) 


where  i  indicates  the  current  increment.  Finally,  the 
longitudinal  stress  of  the  lamina  was  calculated  from  the 
rule-of -mixture  theory  [55] 
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Oi=ofvf*ami  (l-vf) 


(5.14) 


where  vf  refers  to  the  fiber  volume  fraction  of  the  MMC . 

Strip  Model 

This  section  describes  the  application  of  a  unit  cell 
model  to  predict  the  transverse  response  of  a  unidirectional 
SCS-6/Ti-15-3  MMC.  Derivations  of  the  equations  required  to 
compute  the  lamina  properties  are  reviewed.  Also,  the  one 
dimensional  equations  to  calculate  the  thermal  and 
mechanical  stresses  are  presented6.  A  method  is  proposed  to 
account  for  the  fiber -matrix  interface  damage,  which  was 
observed  in  the  experiments  and  discussed  in  Chapter  IV 
Sasic  Concept. 

The  model  applied  to  predict  the  fatigue  response  of 
the  90°  lamina  is  based  on  assuming  the  fibers  are  arranged 
in  a  rectangular  array  (Figure  5.2).  In  this  case,  a  single 
fiber  and  matrix  region  can  be  used  as  a  representative 
volume  element  (RVE) .  This  RVE  (unit  cell)  has  been  used  in 
a  few  investigations  [19,  20,  82,  93]  to  predict  the 
transverse  material  properties  and  the  stress-strain 
response  of  a  unidirectional  MMC.  One  particular 


6  The  derivation  of  lamina  properties  and  stresses  can  be  found  in 
References  48  and  79  and  are  reviewed  here  for  completeness. 
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Rectangular  Fiber  Array 


Figure  5.2  Rectangular  Fiber  Array- 


application  of  the  unit  cell  has  been  proposed  by  Hopkins 
and  Chamis  [48],  which  is  discussed  next. 

Hopkins  and  Chamis  modeled  the  response  of  a  MMC  with 
the  multi-cell  Model  (MCM) ,  which  is  shown  schematically  in 
Figure  5.3.  This  configuration  of  the  unit  cell  does  not 
lend  itself  to  analyzing  the  incremental  breakdown  of  the 
interface  as  observed  in  this  study.  For  the  analysis  of 
ceramic  matrix  composites,  Mur thy  and  Chamis  [79]  extended 
this  concept  by  dividing  the  MCM  into  several  strips  (Figure 
5.4a),  which  will  now  be  referred  to  as  the  strip  model 
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Figure  5.3  RVE  as  Modeled  by  Chamis  et  al.  [48] 


(SM) .  Due  to  symmetry,  it  is  sufficient  to  model  the  RVE  as 
shown  in  Figure  5.4b,  which  improves  the  computational 
efficiency.  This  model  was  adopted  in  this  study  for 
predicting  the  response  of  the  90°  MMC  subjected 
to  fatigue.  The  next  few  sections  describe:  the  development 
of  the  transverse  properties  of  the  strips  and  lamina,  the 
calculation  of  the  transverse  stresses  in  the  strips  and 
lamina,  and  the  method  proposed  for  modeling  the  fiber- 
matrix  interface  damage. 
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Figure  5.4 


(a)  The  Unit  Cell  Model  Divided  into  N  Strips, 

(b)  The  Final  Model  Used  by  Applying  Symmetry 


Trapg,yerse„P.rQPbrties  <?f  tfa-S-Strip  and  Damina 

Strip  Properties 

The  development  of  the  lamina  properties  begins  by 
developing  the  properties  of  a  single  strip.  This  is  then 
extended  to  the  lamina  level.  The  following  assumptions 
apply  in  the  SM: 

(1)  Both  the  matrix  and  fiber  are  isotropic 

(2)  The  matrix  and  fiber  properties  are  temperature 
independent 

(3)  The  fiber  is  linear  elastic 

(4)  The  matrix  is  elastic-viscoplastic 

(5)  Displacement  along  the  both  free  edges  of  the  unit 
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cell  must  be  equal  (i.e.  each  strip  must  displace  equally  in 
the  transverse  direction) 

(6)  In  each  strip,  the  fiber,  matrix,  and  interphase 
zone  act  in  series. 

A  representative  strip  element  is  shown  in  Figure  5.5. 
The  strip  consists  of  fiber,  interphase,  and  matrix 
materials7.  These  three  materials  are  assumed  to  act  in 
series.  Thus,  strain  compatibility  for  the  kch  strip  is 
requires  that 

**r*tVt+*iVi**mvm  (5.15) 

where  ek  is  the  applied  strain,  and  the  subscripts  k,  f,  i, 
and  m  correspond  to  the  strip,  fiber,  interphase,  and 
matrix,  respectively.  Equilibrium  requires  that  the  stress 
in  the  kth  strip  is  equal  to  the  stress  in  each  of  its 
constituents : 

ak=af=ai=am  (5.16) 

The  strain  in  each  constituent  with  respect  to  its  own 
material  properties  is  expressed  as : 


7  The  general  development  of  the  equations  includes  the  interphase  zone. 
However,  during  the  analysis,  the  volume  fraction  of  this  zone  was  set  equal 
to  zero. 
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Fiber 

interphase 

Matrix 

Figure  5.5  Representative  Strip  Element 


ef=— £+afAr 

fr-^+a.Ar  (5.17) 

Ei 

e»s7+Mr 

in 

Likewise,  the  strain  in  any  strip  in  relationship  to  its  own 
« 

properties  can  be  expressed  by 
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k 


(5.18) 


The  transverse  modulus  (E22)  and  transverse  CTE  (o22)  of 
any  strip  can  be  found  by  substituting  Equations  5.17  and 
5.18  into  Equation  5.15  and  applying  the  equilibrium 
condition  (Equation  5.16): 
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Comparing  like  terms  on  the  left  and  right  side  of  Equation 
5.19,  E22  of  the  kch  strip  is 


E22k 


ErrPfEi 


vf+ EmEfvi + EfEt  vm 


(5.20) 


while  o22  of  the  kth  strip  is 

*k=*fVf+aiVi+an,Vm  (5.21) 

Equations  5.20  and  5.21  are  the  only  properties  of  the  strip 
required  for  the  one  dimensional  analysis. 

Lamina  Properties 

Once  the  properties  of  the  individual  scrips  have  been 
determined,  the  lamina  properties  can  be  calculated  by 
assuming  the  strips  act  in  parallel.  This  condition 
requires  displacement  compatibility  along  the  right  face  of 
the  unit  cell: 

el=€k  £=  l,-,n  (5.22) 

where  the  subscript  1  refers  to  the  lamina.  Additionally, 
the  stress  in  the  lamina  is  determined  from 

(5.23) 

k=l 

where  vk  is  the  volume  fraction  of  the  kth  strip. 
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The  lamina  properties  can  now  be  determined  from  the 
properties  of  the  individual  strips.  Substituting  Equations 
5.17  and  5.18  into  Equation  5.23  yields 

Ei€i-fli£1AT=(S1e1-01£1A7’)  v1+...+  (£'n€n-onEnAr)  vn  (5.24) 

Applying  strain  compatibility  along  the  right  face  (Equation 
5.22)  and  combining  like  terms,  the  transverse  modulus  and 
CTE  of  the  lamina  can  be  determined.  The  transverse  modulus 
of  the  lamina  is 


^22,  •^221vi +-®22jV2 +— +  -®22  aV n 


(5.25) 


or 


^22 E22 kVk 


(5.26) 
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while  the  transverse  CTE  of  the  lamina  is 


aiElvl  +~+anEnvn 


b22 1 


E 


(5.27) 
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A  comparison  of  the  these  properties  predicted  by  the 
SM  with  other  models  [12]  is  shown  in  Table  5.1.  The 
method-of -cells,  AGLPLY,  and  METCAN  models  were  described  in 
Chapter  II,  and  the  DFM  is  a  three  dimensional  finite 
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Table  5.1  Predicted  Transverse  Properties 


E22 

(GPa) 

°22 

(mm/mm/°C) 

AGLPLY 

130 

8.46 

Method  of  Cells 

139 

8.28 

METCAN 

134 

7.76 

DFM 

148 

8.28 

SM 

132 

7.51 

element  solution  [12] .  The  SM  shows  reasonable  agreement 
with  these  other  approaches,  especially  with  METCAN  which  is 
also  formulated  on  a  one  dimensional  approach. 

Transverse  Strip  and  Lamina  Stresses 

Thermal  Stresses 

Once  the  properties  of  the  strips  and  the  lamina  have 
been  determined,  the  thermal  stress  in  each  strip  can  be 
computed.  Applying  strain  compatibility  for  the  strips 
acting  in  parallel  (Equation  5.22),  and  representing  the 
lamina  strain  in  terms  of  its  own  properties  yields 


■'22, 


+a22.Ar=- 


"'22. 


;+«22*Ar 


(5.29) 


Rearranging  terms  and  setting  the  applied  lamina  stress  to 
zero  (i.e.  thermal  stress  only),  the  thermal  stress  in  a 
strip  can  be  found  from 


°22*  B22J|(«22i  a22*)AT] 


(5.30) 
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Figure  5 . 6  shows  a  comparison  of  the  distribution  of 
thermal  stress  predicted  by  the  strip  model  to  other 
existing  models  [12] .  Again,  the  results  of  the  present 
analysis  are  comparable  to  these  models.  One  of  the  more 


Figure  5.6  Transverse  Thermal  Stress  Distribution  Predicted 
by  the  SM  and  Other  Micromechanical  Models 


notable  aspects  of  this  approach  is  illustrated  here.  The 
variation  of  stress  across  the  lamina  predicted  by  the  SM 
has  a  similar  representation  as  in  the  case  of  the  finite 
element  approach  (DFM) .  On  the  other  hand,  METCAN,  which  is 
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based  on  the  same  one  dimensional  formulation,  shows  no  such 
variation. 

Mechanical  Load? 

After  the  initial  thermal  stresses  were  computed,  the 
incremental  stress  in  each  strip  was  determined  by  the 
instantaneous  stress-strain  relationship 

*‘a22k=  E22**  (5.31) 

Equation  5.31  was  than  added  to  the  total  stress  for  each 
strip  to  obtain 

®22„-  022,,.,*  ^22kl  (5.32) 

where  i  refers  to  the  current  increment.  Finally,  the 
lamina  stress  was  determined  using  these  stresses  and 
applying  Equation  5.23. 

Modeling  the  Fiber-Matrix  Interface  Damage 

In  Chapter  IV,  it  was  shown  that  the  fiber-matrix 
interface  damage  had  a  dominant  affect  on  the  response  of 
the  90°  lamina.  Most  of  this  damage  initiated  during  the 
loading  portion  of  the  first  fatigue  cycle,  but  some  damage 
did  occur  in  fatigue.  To  accurately  predict  the  fatigue 
response  of  the  90°  lamina,  this  damage  must  be  included  in 
the  analysis.  The  method  proposed  here  assumes  that  the 
fiber-matrix  interface  damage  can  be  modeled  as  a 
progressive  damage  mechanism  (Figure  4.49).  The  details  of 
this  approach  are  discussed  next. 
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Criteria  for  Failing  the  Fiber-Matrix  Interface 

Consider  any  strip  whose  normal  to  the  actual  fiber- 
matrix  interface  is  at  an  angle  0  (Figure  5.7).  The  normal 
stress  at  the  fiber-matrix  interface  in  this  strip  can  be 
broken  down  into  two  components  (Figure  5.8):  the  thermal 
stress  component  (och)  ,  and  the  component  due  to  an  applied 
load  (on)  .  The  SM  only  computes  a  one  dimensional  thermal 
stress  (o22)  ,  which  is  not  always  compressive  (Figure  5.6). 
Since  the  residual  stress  of  the  nth  strip  (i.e.  0  =  0)  best 
represents  the  compressive  stress  on  the  interface  (Figure 
1.2),  the  residual  stress  of  each  strip  was  set  equal  to  the 
residual  stress  of  the  nth  strip.  This  was  only  used  to 
compute  the  failure  criteria  and  was  not  used  to  determine 
the  stress  in  a  strip.  The  normal  component  of  stress  on  at 
the  interface  for  an  applied  stress  (o)  [87]  is  given  by 

On=  O  cos2 (0)  (5.33) 

where  n  designates  the  normal  to  the  plane. 

When  the  sum  of  these  two  components  of  stress  exceeded 
the  assigned  bond  strength,  the  fiber-matrix  interface 
failed.  As  a  consequence,  a  gap  opens  between  the  fiber  and 
matrix.  This  gap  can  be  interpreted  as  a  spring  with  zero 
stiffness.  Equation  5.20  requires  that  the  modulus  of  the 
strip  corresponding  to  the  failed  region  be  zero.  Thus,  a 
failed  strip  is  incapable  of  carrying  any  further  tensile 
load. 
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Figure  5.7  SM  Showing  the  kth  Strip  at  an 
Angle  0 


Figure  5.8  Stresses  at  the  Interface 
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For  a  bond  strength  that  was  initially  greater  than 
zero,  a  non-zero  stress  was  present  in  the  strip  before 
failure.  It  is  proposed  for  the  present  analysis  that  the 
stress  in  the  strip  becomes  zero  after  the  interface  has 
failed,  and  the  load  does  not  get  redistribution.  This 
technique  produces  a  succession  of  drops  in  the  lamina 
stress,  but  it  will  be  shown  later  that  the  magnitude  of 
these  drops  approach  zero  as  the  number  of  strips  increases. 

The  procedures  described  above  modeled  the  loading 
portion  of  a  fatigue  cycle,  but  the  unloading  portion  of  the 
cycle  also  requires  special  attention.  For  a  strip  that  had 
failed  during  loading,  it  was  incapable  of  carrying  any 
further  tensile  load.  However,  it  was  capable  of  carrying  a 
compressive  load  when  the  displacement  of  the  gap  between 
the  fiber  and  the  matrix  returned  to  zero.  This  point  was 
determined  during  the  loading  portion  of  the  fatigue  cycle. 
When  on  of  the  strip  was  equal  to  the  oth,  the  displacement 
of  the  matrix  was  measured.  The  gap  between  the  fiber  and 
matrix  was  considered  to  have  closed  when  this  displacement 
was  reached  during  the  unloading  portion  of  the  cycle.  As 
a  result,  the  modulus  of  the  strip  returned  to  its  pre¬ 
failure  value,  and  a  compressive  load  was  allowed  to  be 
transferred  across  the  interface. 

Once  the  fiber-matrix  interface  of  strip  had  failed, 
the  bond  strength  was  set  equal  to  zero  on  the  subsequent 


192 


loading  cycles.  Thus,  the  interface  separated  again  when  on 
of  the  strip  was  equal  to  the  o.h.  This  implies  that,  when 
the  gap  displacement  is  zero,  there  will  always  be  a 
mechanical  bond  due  to  the  compressive  residual  stresses  at 
the  fiber-matrix  interface. 

Determining  the  Fiber-Matrix  interface  Bond  Strength 

A  value  of  the  fiber-matrix  interface  bond  strength 
must  be  determined  in  order  to  predict  the  fatigue  response 
of  the  90°  lamina.  As  a  first  step,  two  extreme  conditions 
were  examined:  a  strongly  bonded  interface,  and  a  weakly 
bonded  interface.  The  strongly  bonded  condition  implies  an 
infinite  bond  strength  (i.e.  no  fiber-matrix  interface 
damage) ,  while  the  weakly  bonded  condition  implies  a  zero 
bond  strength. 

Figure  5.9  shows  the  predicted  results8  for  these  two 
conditions  compared  to  the  experimental  counterpart.  For 
the  perfectly  bonded  interface,  the  SM  predicted  a  much 
stiffer  stress-strain  response  than  was  observed  in  the 
experiment.  The  nonlinear  behavior  was  due  to  plastic 
deformation  of  the  matrix.  The  technique  used  for 
predicting  this  are  discussed  later.  On  the  other  hand,  the 
SM  predicted  a  stress-strain  response  that  was  too  weak  for 
the  case  of  a  zero  bond  strength.  These  results  indicate 


8  50  strips  were  used  in  the  SM.  The  manner  in  which  this  number  was 
chosen  will  be  explained  shortly. 
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Strain  (mm/ mm) 

Fiaure  5.9  SM  Predictions  for  the  Cases  of  Infinite  and 

Zero  Bond  Strengths  Compared  to  the  Experiment 


that  some  finite  bond  strength  is  associated  with  the  fiber- 
matrix  interface. 

The  next  step  was  to  determine  a  bond  strength  so  that 
the  stress-strain  response  of  the  90°  lamina  could  be 
accurately  predicted.  It  is  proposed  that  this  strength  can 
be  calibrated  from  one  stress-strain  curve,  whether  it  be 
for  a  monotonic  loading  condition  or  the  loading  portion  of 
the  first  stress-strain  curve  of  specimen  subjected  to 
fatigue.  The  latter  case  was  used  for  this  analysis.  Once 
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this  is  accomplished,  the  predicted  stress-strain  response 
should  fall  within  acceptable  limits  to  its  experimental 
counterpart  for  any  test  with  a  lower  strain  level. 

To  determine  the  bond  strength,  an  iteration  was 
performed  by  assigning  a  single  bond  strength  to  all  of  the 
strips.  When  the  total  normal  component  of  stress  in  the 
strip  (on  +  oth)  was  equal  to  bond  strength,  the  fiber-matrix 
interface  failed.  Two  typical,  but  significant,  cases  are 
shown  in  Figure  5.10  and  compared  to  the  experimental 
counterpart.  These  are  for  the  cases  of  a  bond  strength 
equal  to  100  MPa  and  175  MPa.  For  the  case  where  a  bond 
strength  of  100  MPa  was  used,  the  SM  underestimated  the 
experimental  curve,  but  the  knee  in  this  curve  is  just 
slightly  lower  than  that  observed  in  the  experiment.  This 
was  considered  an  approximate  lower  bound  of  the  bond 
strength.  In  the  other  case  (bond  strength  equal  to  175 
MPA) ,  the  predicted  result  was  improved,  except  for  the  area 
around  the  knee  in  the  loading  curve.  This  suggests  that 
175  MPa  is  an  upper  bound  of  the  bond  strength. 

The  dip  in  this  curve  (bond  strength  equal  to  175  MPa) 
is  the  result  of  a  rapid  failure  of  the  strips  with  higher 
stiffnesses.  These  are  those  strips  with  the  highest  volume 
fraction,  which  are  those  strips  located  closest  to  the  x2 
axis  (Figure  5.4b).  There  are  at  least  three  methods  to 
smooth  out  this  initial  dip.  The  first  is  to  increase  the 
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Figure  5.10  SM  Predictions  Compared  to  Experiment 
Using  Finite  Bond  Strengths 


number  of  strips  in  the  area  were  the  stiffnesses  of  the 
strips  are  high  (i.e.  refine  the  mesh).  Another  method 
would  be  to  include  a  scheme  to  gradually  reduce  the  stress 
in  a  broken  strip  to  zero,  as  opposed  to  an  instantaneous 
drop  as  is  presently  done.  Finally,  the  bond  strengths  of 


the  strips  in  this  area  could  be  reduced.  For  this  study, 
the  last  approach  was  selected. 

Figure  5.11  shows  the  bond  strength  in  all  of  the 
strips  for  the  cases  (100  MPa  and  175  MPa)  discussed  above. 
The  bond  strength  distribution  that  best  fit  the  experiment 


Figure  5.11  Calibrated  Bond  Strength  Distribution 


is  also  shown.  This  distribution  was  determined  by 
examining  the  predicted  stress-strain  response  shown  in 
Figure  5.10.  It  was  observed  that  the  initial  knee  in  the 
loading  curve  could  be  better  predicted  by  failing  some  of 
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the  strips  at  a  lower  level  of  stress.  To  be  consistent 
with  the  assumption  of  a  progressive  damage  mechanism,  the 
bond  strength  of  the  strips  starting  along  the  x2  axis  were 
lowered  (Figure  5.4b). 

Figure  5.12  compares  the  predicted  stress-strain 
response  using  the  adjusted  or  final  bond  strength 
distribution  to  the  experimental  stress-strain  curve.  As 
expected,  the  predicted  loading  curve  was  in  good 
agreementwith  its  experimental  counterpart.  The  unloading 
curve  was  also  predicted  properly,  as  well  as  the  fiber- 
matrix  interface  gap  closure.  This  shows  that  the 
interfacial  damage  between  the  fiber  and  the  matrix  was  well 
characterized.  Hence,  a  required  bond  strength  distribution 
was  obtained  to  predict  the  effect  of  fiber-matrix  interface 
damage  on  the  response  of  the  90°  lamina.  This  same 
distribution  is  used  in  the  next  chapter  to  predict  the 
response  of  the  90°  lamina  subjected  to  fatigue. 

Progressive  Fiber-Matrix  Interface  Damage 

In  the  previous  chapter,  it  was  mentioned  that  the 
fiber-matrix  interface  damage  progressed  during  fatigue. 

The  methods  described  above  characterized  the  initiation  of 
the  interface  damage.  It  was  also  desired  to  characterize 
the  progression  of  the  fiber-matrix  interface  damage.  This 
was  accomplished  by  imposing  an  additional  criteria  on  the 
bond  strength  of  the  strips.  For  each  strip,  its  bond 
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Figure  5.12 


SM  Prediction  Using  the  Calibrated  Bond 
Strength  Distribution 


strength  was  assumed  to  degrade  as  a  function  of  cycles: 


(n)  =oW«(0)  f{n) 


(5.34) 


where  k  refers  to  the  strip.  The  function  f(n)  was  defined 


1 


foi  72  =  0 
for  n zn' 


(5.35) 


fin)  = 


where  n'  specifies  the  cycle  at  which  the  bond  strength  in 
the  strip  becomes  totally  weak.  For  this  analysis,  f(n)  was 
chosen  as  a  linearly  decreasing  function: 


fin)  =  —5+1  (5.36) 

n' 

where  n  is  the  total  number  of  fatigue  cycles. 


To  determine  a  value  of  n' ,  it  is  proposed  that  the 
history  of  the  stress  from  one  fatigue  test  be  correctly 
predicted  using  Equation  5.36.  Then,  using  this  same  f(n), 
the  effect  of  the  progression  of  fiber-matrix  interface 
damage  at  other  strain  levels  could  be  better  understood. 

The  one  test  chosen  to  determine  f(n)  was  for  the  90° 
specimen  subjected  to  fatigue  at  maximum  strain  level  of 
.1%.  This  test  was  selected  since  the  only  damage  observed 
was  that  at  the  fiber-matrix  interface  (Figure  4.56).  These 
results  obtained  by  applying  Equation  5.36  are  discussed  in 
the  next  the  chapter. 

Selection  of  the  Number  of  Strips 

As  previously  mentioned,  after  the  stress  in  the  strip 
had  exceeded  the  bond  strength,  the  stress  in  that  strip 
became  zero.  No  redistribution  of  this  stress  was 
performed,  which  resulted  in  a  series  of  drops  in  the 
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stress-strain  curve.  It  is  shown  next  that  these  stress 
drops  approach  zero  as  the  number  of  strips  increases. 

Figures  5.13  through  5.15  show  three  stress-stress 
curves  predicted  by  the  SM  using  10,  20,  and  100  strips, 
respectively.  A  single  bond  strength  of  175  MPa  was  used 
for  these  predictions.  The  prediction  when  using  50  strips 
and  a  bond  strength  of  175  MPa  was  shown  earlier  (Figure 
5.10) .  It  can  be  observed  that  as  the  number  of  strips 
increases,  the  dips  in  the  stress-strain  response  approach 
zero,  and  the  overall  prediction  improves.  The  best 
predictions  occur  when  using  50  and  100  strips,  but  it  did 
not  significantly  improve  between  these  two  cases. 

Therefore,  50  strips  was  considered  appropriate  for  this 
study. 

Matrix  viscdpiastjg  Defognatiop 

Experimental  results  revealed  that  the  matrix  exhibited 
both  plastic  and  creep  deformation  type  mechanisms.  To 
predict  this  behavior,  a  few  unified  elastic-viscoplastic 
constitutive  models  were  investigated  [1]  [14]  [94] . 

However,  these  unified  models  were  unable  to  handle  the 
creep  behavior  of  the  matrix  at  the  lower  stress  levels 
[94] ,  or  the  data  required  to  calibrate  them  was 
unavailable.  Other  techniques  [27]  to  model  the  time 
dependent  behavior  of  the  matrix  were  also  investigated,  but 
they  proved  to  be  impractical  to  apply.  As  a  result,  the 
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two  deformation  mechanisms  were  decoupled  and  solved  for 
separately.  The  plastic  deformation  was  modeled  by  assuming 
the  matrix  behavior  as  bilinear  elastic-plastic  and  applying 
the  appropriate  criteria  to  determine  the  onset  of  plastic 
flow.  Creep  deformation  of  the  matrix  was  modeled  by 
applying  a  simple  relaxation  scheme.  This  scheme  was 
developed  based  on  the  data  obtained  from  the  relaxation 
tests  conducted  on  the  neat  matrix  (Figure  4.7). 

Matrix  Plastic  Deformation 

Concentric  Cylinder  Model 

In  the  CCM,  plastic  deformation  of  the  matrix  was 
approximated  by  using  an  incremental  solution  approach.  The 
onset  of  plastic  flow  was  determined  by  using  Von  Mises 
isotropic  linear  strain  hardening  rule  [74] : 
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(5.37) 


0  =V  ^^0r~°e)  2+  (0«“0^  2+  (02~°r)  2)  =  iC(K) 
where  k  is  a  material  constant,  and  o  is  the  effective 
stress.  For  this  analysis,  k  was  taken  as  the  uniaxial 
yield  stress  (oys)  of  the  neat  matrix. 

Equation  5.37  was  computed  for  each  increment  of  strain 
in  the  loading  curve.  Plastic  deformation  of  the  matrix  was 
considered  to  have  occurred  when  the  effective  stress 
exceeded  the  yield  stress.  At  this  point,  the  tangential 
modulus  (Et)  and  the  value  of  Poisson's  Ratio  in  plasticity 
(.5)  of  the  matrix  were  used  for  further  incremental 
calculations  of  stress  in  the  loading  curve9,  (i.e.  bilinear 
elastic-plastic) .  For  this  study,  the  values  of  oys  and  ET 
were  515  MPa  and  7.00  GPa,  respectively  [35]. 

The  method  used  in  this  study  to  solve  for  the 
incremental  stresses  requires  that  the  entire  matrix 
cylinder  was  either  linearly  elastic  or  plastic.  Thus,  a 
representative  location  in  the  CCM  must  be  selected  to 
evaluate  the  effective  stress  (Equation  5.37).  The  maximum 
effective  stress  occurs  at  the  fiber-matrix  interface,  which 
suggests  that  this  will  be  the  initiation  site  of  plastic 
flow.  Optical  microscopy  revealed  that,  on  the  average,  the 
entire  grain  was  observed  to  have  slipped  (Figure  4.27). 

9  Actually,  an  iteration  at  this  point  would  provide  for  a  more  accurate 
calculation  of  stress.  However,  for  sufficiently  small  strain  increments, 
this  error  is  small.  This  study  employed  the  latter  approach. 
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Thus,  experiments  have  indicated  that  yielding  (i.e.  slip 
bands)  had  extended  beyond  the  fiber-matrix  interface. 

A  comparison  was  made  between  calculating  the  onset  of 
plastic  flow  at  the  fiber-matrix  interface  and  at  a  location 
halfway  between  the  interface  and  the  matrix  free  edge. 

These  predictions  were  compared  to  the  experimental 
counterpart  for  a  specimen  subjected  to  fatigue  at  a  maximum 
strain  of  .77%  (Figure  5.16).  Evaluating  the  effective 
stress  at  the  midpoint  of  the  matrix  cylinder  provided  a 
better  comparison  with  the  experiment,  so  this  location  will 
be  used  for  further  analysis  in  this  study. 

The  present  CCM  model  was  compared  to  another  program 
FIDEP  [23]  .  It  is  not  the  purpose  here  to  discuss  the 
efficacy  of  each  solution.  Instead,  it  was  intended  to 
verify  the  solution  obtained  from  the  present  CCM  analysis. 
FIDEP  designates  a  CCM  model  based  on  a  Finite  Difference 
Elastic  Plastic  solution.  In  addition  to  radially  dependent 
radial  and  hoop  stresses,  FIDEP  computes  a  varying  axial 
stress  across  the  matrix  cylinder.  The  f emulation  of  FIDEP 
does  not  require  the  matrix  to  yield  at  all  of  the  radial 
locations,  as  opposed  to  the  current  application  of  the  CCM 
where  the  entire  matrix  cylinder  yields.  Figures  5.17 
through  5.20  show  the  comparisons  of  the  solutions  from  the 
present  CCM  and  FIDEP  for  a  0°  SCS-6/Ti-15-3  specimen  loaded 
to  a  maximum  strain  of  .77%  at  427°C.  The  constituent 
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Figure  5.16  CCM  a-e  Predictions  Evaluating  the  Effective 
Stress  at  Two  Different  Locations  in  the 
Matrix  Cylinder 


stresses  (Figures  5.18-5.20)  are  plotted  at  the  maximum 
strain  (.77%).  Both  solutions  agree  very  well  with  each 
other.  Hence,  with  the  parameters  used  in  this  study,  the 
CCM  should  provide  an  accurate  representation  of  the  fatigue 
response  of  the  MMC. 
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Predicted  by  CCM  and  FIDEP 
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Figure  5.19  Constituent  Radial  Stresses  (or) 
Predicted  by  CCM  and  FIDEP 


Figure  5.20  Constituent  Tangential  Stresses 
(oe)  Predicted  by  CCM  and  FIDEP 
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Strip  Model 

Similar  to  the  analysis  used  in  the  CCM,  an  incremental 
solution  was  used  in  the  SM.  The  procedures  for  calculating 
the  stresses  in  the  strips  and  lamina  were  reviewed 
previously.  To  predict  the  onset  of  plastic  flow,  the 
stress  in  each  strip  was  compared  to  the  matrix  uniaxial 
yield  stress: 

°k>  °ysk  (5.38) 

where  the  subscript  k  designates  the  kth  strip.  When  the 
condition  in  Equation  5.38  was  satisfied,  the  modulus  of  the 
matrix  was  set  equal  to  Ec,  and  a  new  value  for  the 
transverse  modulus  of  the  strip  was  computed  (Equation 
5.20).  This  technique  implies  that  the  entire  matrix 
portion  of  the  strip  has  plastically  deformed. 

Matrix  Creep  Deformation  (Relaxation  Scheme) 

The  above  procedures  described  how  the  matrix 
plasticity  was  accounted  for  in  each  of  the  micromechanical 
models  used  in  this  study.  It  was  previously  mentioned  that 
creep  deformation  of  the  matrix  also  needed  to  be  taken  into 
account.  In  this  study,  a  relaxation  scheme  was  developed 
to  take  into  account  the  time  dependent  response  of  the 
matrix.  The  general  approach  taken  to  develop  this  scheme 
was  to  first  determine  a  single  function  to  express  the 
change  in  stress  with  respect  to  time,  and  then  apply  this 
function  at  each  strain  increment  in  a  fatigue  cycle  to 
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determine  the  incremental  matrix  stress  due  to  relaxation. 
The  details  of  the  development  and  application  of  this 
function  are  described  next. 

General  Relaxation  Function 

First  a  general  function  to  express  the  change  in 
stress  in  the  neat  matrix  with  respect  to  time  (  a  )  was 
determined.  This  was  found  simply  by  fitting  the  data  from 
the  relaxation  tests  at  each  strain  level  (Figure  4.7)  with 
second  order  polynomials: 

o ( t) =a + bt  + ct2  (5.39) 

where  t  is  the  total  time,  and  a,  b,  and  c  are  constants. 
Next,  the  derivative  of  Equation  5.39  was  taken  with  respect 
to  time  for  each  of  the  polynomial  fits: 

d(t)=jb  +  2ct  (5.40) 

The  coefficients  (b  and  c)  found  from  the  second  order 
polynomial  fits  are  shown  in  Table  5.2.  General  expressions 


Table  5.2  Coefficients  from 
Polynomial  Fits 


Strain 

-b 

c 

(%) 

.6% 

4.3 

.01 

.5% 

2.5 

.0032 

.3% 

1.4 

.0019 

for  each  of  these  coefficients  were  found  next,  which  were 
determined  by  plotting  the  coefficients  as  a  function  of  the 
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applied  strain  (Figures  5.21  and  5.22,  respectively).  These 
data  were  then  fitted  with  power  law  relationships,  which 
were  found  to  be: 

b{€)  =  -8460  e1,5  (5.41) 

c(e)  =  330e2 

Substituting  these  expressions  into  Equation  5.40  yields 

a  (t,€)  =  -846061  5  +  330€2t  (5.42) 

In  this  manner,  a  single  expression  to  express  the  rate  of 
change  in  stress  in  the  neat  matrix  with  respect  to  time  was 
empirically  determined. 

A  comparison  of  the  experimental  results  obtained  in 
this  study  to  those  obtained  by  applying  Equation  5.42  is 
shown  in  Figure  5.23.  The  good  fit  was  not  surprising  since 
the  function  was  determined  based  on  these  data.  It  was 
shown  simply  to  verify  the  empirical  relationship  given  in 
Equation  5.42.  A  scheme  to  apply  this  function  for 
predicting  the  fatigue  response  of  the  matrix  is  formulated 
next . 

Application  to  Fatigue  Behavior 

A  method  was  developed  to  predict  the  fatigue  response 
of  the  matrix  based  on  Equation  5.42.  This  relaxation 
scheme  was  motivated  by  an  approach  suggested  by  Rabotnov 
[74] .  Rabotnov  proposed  a  method  to  predict  the  creep 
response  for  a  metal  under  changing  load  conditions,  which 
is  shown  schematically  in  Figure  5.24.  A  simple  strain 


211 


Figure  5.23  Comparison  of  Experiment  with  Equation  5.42, 
Neat  Matrix  Relaxation  Tests  at  427 °C 


hardening  rule  would  predict  that  the  strain  rate  would 
increase  from  0  to  A  as  the  load  is  increased  from  ox 
to  o2.  Mendelson  [74]  has  reported  that  this  approach  works 
fairly  well.  However,  Rabotnov  suggested  that  for  a  rapid 
increase  in  the  load,  the  strain  rate  changes  from  0  to  D, 
so  some  higher  strain  rate  is  achieved  than  a  strain 
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Figure  5.24  Change  in  Creep  Strain  as  a 
Function  of  Changing  Stress 


hardening  rule  would  predict.  A  similar  concept  was  used  in 
this  investigation  and  is  explained  next. 

Figure  5.25  shows  the  typical  ramp  function  used  in 
this  study  to  subject  a  specimen  to  fatigue.  For 
simplicity,  each  portion  of  the  fatigue  cycle  (loading  and 
unloading)  was  approximated  by  two  step  functions.  For  an 
initial  step  strain  (Ae  =  €1)  ,  the  stress  relaxation  of  the 
matrix  predicted  by  Equation  5 . 42  would  follow  the  curve 
corresponding  to  e  =  shown  in  Figure  5.26.  For  the 
next  increment  of  strain,  the  incremental  elastic  stress 
would  increase  the  total  stress  from  A  to  B.  This  point  (B) 
is  above  the  relaxation  curve  for  a  total  applied  strain  of 
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€ 2  (c i  +  Ae )  .  Instead  of  determining  a  at  B,  it  was 
determined  at  a  point  C  on  the  relaxation  curve  by  solving 

o  ( t)  =  fife  +  Me)  t  +  c(e)  t2  (5.43) 

for  t,  where  o ( t )  is  the  current  value  of  total  stress,  e  is 
the  total  applied  strain,  and  b(e)  and  c(e)  were  defined 
earlier,  d  can  then  be  determined  using  this  value  of  time 
in  Equation  5.42. 

An  example  of  how  the  relaxation  scheme  was  applied  to 
predict  the  fatigue  response  of  the  neat  matrix  is  given 
here.  The  same  general  approach  applies  to  both  of  the 
micromechanical  models  used  in  this  study.  First,  the 
incremental  stress  of  the  matrix  was  added  to  the  existing 
total  stress: 

Oi  =  oi_1+EAe  (5.44) 

where  E  is  the  instantaneous  modulus  of  the  matrix,  Ae  is 
the  incremental  strain,  and  i  is  the  current  step.  Second, 
the  relaxation  scheme  was  applied  to  predict  the  incremental 
change  in  stress  due  to  matrix  relaxation: 

(5.45) 

The  creep  response  of  the  matrix  was  assumed  to  be  the  same 
in  either  tension  or  compression.  Thus,  when  the  matrix  was 
in  tension,  the  relaxation  stress  was  negative,  and  when  the 
matrix  was  in  compression,  the  relaxation  stress  was 
positive.  Third,  this  incremental  change  in  stress  was  then 
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added  to  the  total  stress 


Oi=Oi±  Ao^  (5.46) 

Figure  5.27  shows  the  results  of  applying  the 
relaxation  scheme  using  the  material  properties  of  the  neat 
matrix.  These  results  are  for  a  specimen  subjected  to 
fatigue  at  a  maximum  strain  of  .5%  under  the  constant 
amplitude  strain  control  mode.  The  effect  of  increasing 
the  number  of  strain  increments  on  the  history  of  the  stress 
is  also  demonstrated.  These  results  show  that  the  solution 
converges  after  applying  10  increments  of  strain  on  each 
portion,  (loading  and  unloading)  of  the  fatigue  cycle.  As 
expected,  a  smoother  curve  is  predicted  by  applying  more 
steps.  When  using  the  SM,  more  than  10  increments  were 
required  to  accurately  predict  the  fiber-matrix  interface 
debonding.  Based  on  these  two  observations,  fifty 
increments  of  strain  were  used  in  each  portion  of  the 
fatigue  cycle  in  both  the  SM  and  the  CCM. 

Cppiputatignal-  Algorithms 

Now  that  all  the  tools  for  the  analysis  have  been 
described,  an  algorithm  for  applying  the  models  is 
discussed.  A  flowchart  describing  the  computational 
algorithm  for  each  micromechanical  model  can  be  found  in 
Appendix  D.  Only  a  few  salient  points  are  given  here.  A  few 
investigations  [34,  63]  have  assumed  that  no  plastic 
deformation  of  the  matrix  occurs  during  cool  down  from  the 
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Figure  5.27  Application  of  Relaxation  Scheme  Showing  the 
Convergence  with  Increasing  Number  of  Steps 

processing  temperature.  Further,  the  material  was 
considered  to  be  stress  free  {i.e.  no  residual  thermal 
stresses)  at  the  end  of  the  24  hour,  700°C,  aging  process 
[63] .  The  temperature  was  then  instantaneously  dropped  to 
from  700°C  to  427°C.  This  provided  the  initial  state  of 
stress  in  the  lamina.  At  this  point,  the  calculation  of  the 
stress  in  the  lamina  due  to  fatigue  was  begun.  For  each 
strain  increment,  the  incremental  stress  was  calculated. 

The  procedures  for  computing  these  incremental  stresses  have 
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been  previously  described  for  each  model.  These  incremental 
stresses  were  then  added  to  the  total  existing  stress.  The 
relaxation  scheme  was  then  applied  to  the  total  matrix 
stress  in  the  CCM  or  the  total  stress  in  the  strip  for  the 
SM.  Upon  unloading,  the  minimum  strain  was  increased  if  the 
lamina  stress  was  less  than  zero.  This  was  similar  to  the 
procedure  used  in  the  experiments . 

Model  Development  Summary 

The  details  of  two  micromechanical  models  were 
explained  in  this  chapter.  The  first  model  discussed  was 
the  concentric  cylinder  model  (CCM) ,  which  will  be  used  in 
the  next  chapter  to  predict  the  fatigue  response  of  the  0° 
lamina.  The  second  model  presented  was  the  strip  model 
(SM) .  It  will  be  used  in  the  next  chapter  to  predict  the 
fatigue  response  of  the  90°  lamina.  This  model  included 
some  unique  methods  to  model  the  initiation  and  progression 
of  fiber  matrix  interface  damage. 

A  scheme  to  predict  the  elastic-viscoplastic  response 
of  the  matrix  was  also  discussed.  This  scheme  was  based  on 
the  data  available  from  a  few  relaxation  tests  conducted  on 
the  neat  matrix.  In  the  next  chapter,  this  scheme  is  used 
in  both  the  CCM  and  the  SM  to  predict  the  fatigue  response 
of  the  MMC. 
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VI.  Analysis  -  Results  and  Discussion 


In  the  previous  chapter,  the  details  of  two 
micromechanical  models  were  discussed,  which  were  the 
concentric  cylinder  model  (CCM)  and  the  strip  model  (SM) . 
These  models  are  applied  in  this  chapter  to  predict  the 
fatigue  response  of  the  0°  and  90°  laminas,  respectively. 
Also,  a  verification  of  the  relaxation  scheme  is  shown. 

These  models  provided:  a  support  for  the  conclusions  drawn 
from  experimental  observations,  a  valuable  insight  into  the 
fatigue  behavior  of  the  constituents,  and  in  insight  into 
the  observed  damage  mechanisms . 

Matrix  Anfriygig, 

In  Chapter  IV,  it  was  shown  that  the  fatigue  behavior 
of  the  neat  matrix  was  not  affected  by  matrix  cracking  or 
ply  delamination.  Thus,  the  data  obtained  from  these 
fatigue  tests  provided  an  excellent  verification  of  the 
relaxation  scheme. 

Stress-Strain  Response 

Figure  6.1  compares  a  few  predicted  stress-strain 
curves  with  the  experimental  data  for  a  neat  matrix  specimen 
loaded  in  fatigue  at  a  maximum  strain  of  .7%.  In  this  case, 
the  peak  stress  on  the  first  fatigue  cycle  was  above  the 
matrix  proportional  limit.  This  can  be  observed  by  noting 
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Cycle  # 


Figure  6.1  o-e  Predictions  Using  the  Relaxation  Scheme  for 
the  Ti-15-3  Neat  Matrix,  =  .7% 


the  nonlinear  stress-strain  response.  This  response  was  a 
result  of  plastic  deformation  of  the  matrix,  which  was 
verified  by  noting  that  the  linear  loading  and  unloading 
modulii  were  equivalent  in  the  experiment.  The  same 
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nonlinear  response  was  predicted  when  considering  only  the 
plastic  deformation.  Some  stress  relaxation  did  occur  on 
the  first  cycle  but  was  less  than  1  MPa.  Hence,  matrix 
plasticity  was  the  dominant  deformation  mechanism.  The 
subsequent  stress-strain  curves  were  also  predicted  well  by 
the  relaxation  scheme.  These  results  show  that  the  matrix 
instantaneous  plasticity  and  the  matrix  creep  deformation 
mechanisms  can  be  decoupled  to  predict  the  fatigue  response 
of  the  neat  matrix. 

Stress  iiis&aEiga 

Figure  6.2  shows  the  predicted  histories  of  the  maximum 
stress  versus  the  corresponding  experimental  data  for 
several  neat  matrix  specimens  subjected  to  fatigue.  All  of 
the  curves  are  in  good  agreement  with  the  experiment.  This 
verifies  that  the  fatigue  behavior  of  the  neat  matrix  was 
dominated  by  creep  deformation.  These  results  also  show 
that  the  fatigue  behavior  of  the  neat  matrix  can  be 
characterized  on  the  availability  of  data  from  only  a  few 
relaxation  tests  and  a  static  test. 

Constant  Strain  vs.  Decreasing  Strain  Amplitude  -  An 

Analytical  Comparison 

The  state  of  stress  of  the  fiber-reinforced  matrix  is 
quite  different  than  that  of  the  neat  matrix.  For  example, 
it  will  be  shown  later  that  the  matrix  stress  actually 
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Figure  6.2  Maximum  Stress  Histories  for  Ti-15-3  Neat 
Matrix,  Experiment  vs.  Predictions 

achieves  a  state  of  tension-compression  stress  during  the 
fatigue  life  of  the  0°  lamina.  To  understand  how  the  matrix 
behaves  in  this  condition,  the  above  analysis  was  repeated, 
but  the  strain  range  was  held  constant.  The  results  of  this 
analysis  are  discussed  next. 

Figures  6 . 3  shows  the  typical  fatigue  response  of  the 
neat  matrix  predicted  by  the  relaxation  scheme  for  the 
constant  amplitude  strain  control  mode  and  the  hybrid 
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(decreasing  amplitude) ,  strain  control  mode  employed  in  this 
study.  As  described  in  Chapter  III,  the  ratio  of  the 
minimum  strain  to  the  maximum  strain  was  .05.  Initially, 
the  fatigue  behavior  of  the  two  control  modes  showed 
excellent  agreement.  After  the  minimum  stress  of  the  matrix 
had  relaxed  to  zero,  the  response  of  the  matrix  started  to 
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diverge.  For  the  hybrid  strain  control  mode,  the  zero 
stress  constraint  forced  the  minimum  stress  to  remain  at 
zero  for  the  remainder  of  the  fatigue  life.  Nc  h^laroi.ng  of 
the  matrix  creep  in  tension  and  compression  occurs  in  this 
case.  As  a  result,  the  maximum  stress  continuer*  to  relax  to 
a  near  zero  value.  Conversely,  for  the  constant  strain 
amplitude  case,  the  minimum  stress  was  allowed  to  become 
compressive.  Some  of  the  creep  occurring  during  the  tensile 
loading  portion  of  the  fatigue  cycle  was  counteracted  by 
negative  creep  occurring  when  the  stress  was  compressive. 

The  stress  response  for  the  neat  matrix  then  steadied  out 
when  the  matrix  creep  in  tension  was  exactly  matched  by  that 
occurring  in  compression.  Thus,  the  mean  stress  remained 
constant.  This  phenomena  was  called  "self -equilibrating 
creep"  in  this  study. 

0°  Lamina  Analysis 

This  section  discusses  the  predicted  results  obtained 
from  the  CCM.  Predicted  results  are  shown  for  the  cases 
described  in  Chapter  IV  as:  the  fiber  dominated  failure 
mode,  and  the  matrix  dominated  failure  mode.  An  analytical 
comparison  was  also  made  between  the  hybrid  strain  control 
mode  used  in  this  study  with  the  constant  amplitude  strain 
control  mode. 
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Region  I  -  Fiber  Dominated  Failure  Modes 

Stress-Strain  Response 

In  Chapter  IV,  it  was  shown  that  fiber  fractures  were 
the  dominant  failure  mode  when  the  maximum  strain  was 
greater  than  .73%.  Figure  6.4  compares  a  few  representative 
stress-strain  curves  predicted  by  the  CCM  to  the 
experimental  counterparts  for  a  specimen  subjected  to 
fatigue  at  a  maximum  strain  of  .75%.  Excellent  agreement 
was  observed. 

The  stress-strain  response  of  the  lamina  and 
constituents  for  the  first  cycle  are  shown  in  Figure  6.5. 
This  shows  that  the  nonlinear  response  in  the  first  cycle 
was  the  result  of  plastic  deformation  of  the  matrix  above  a 
strain  level  of  .55%.  After  the  first  loading  cycle,  the 
effective  stress  in  the  matrix  did  not  exceed  the  yield 
stress.  Thus,  the  remainder  of  the  predicted  stress-strain 
curves  (Figure  6.4)  were  dominated  by  matrix  creep.  The 
excellent  agreement  in  the  results  verify  that  the  plastic 
and  the  matrix  creep  deformation  could  be  decoupled  to 
analyze  the  fatigue  response  of  fiber-reinforced  matrix. 

Stress  History 

Figure  6 . 6  compares  the  predicted  histories  of  the 
maximum  stress  and  minimum  stress  to  their  experimental 
counterparts  for  the  previous  case.  The  Stage  I  deformation 
mechanisms  described  in  Chapter  IV  are  shown.  For  the 
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entire  fatigue  life,  the  predicted  stress  response  showed 
excellent  agreement  with  the  experimental  data.  Since  only- 
creep  and  plasticity  of  the  matrix  were  modeled,  these 
results  show  that  the  failure  was  non-progressive  (i.e.  no 
growth  in  damage).  Instead,  it  was  instantaneous.  This 
type  of  response  is  indicative  of  a  failure  mode  dominated 
by  fiber  fractures. 
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Figure  6.5  First  Cycle  o-e  Predictions  of  the  0°  Lamina, 
Fiber,  and  Matrix  Axial  Stresses,  =  .75% 


Thus,  the  CCM  has  verified  the  experimental 
observations.  It  showed  that:  the  first  cycle  was  a  result 
of  plastic  deformation  of  the  matrix,  and  the  subsequent 
fatigue  response  was  dominated  by  matrix  creep.  These 
results  indicate  that  the  responses  of  the  constituents  were 
predicted  with  reasonable  accuracy  and  can  be  studied  to 
further  describe  the  fatigue  response  of  the  lamina. 
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Figure  6.6  0°  Lamina  Stress  Histories,  Predicted  vs. 

Experiment,  =  .7 b% 


Constituent's  Response 

For  the  above  case,  Figure  6.7  shows  the  predicted 
histories  of  the:  minimum  axial  stress  in  the  fiber,  maximum 
axial  stress  in  the  fiber,  minimum  axial  stress  in  the 
matrix,  and  the  maximum  axial  stresses  in  the  matrix.  The 
two  stage  stress  response,  discussed  in  Chapter  IV,  are  also 
labeled  in  the  figure.  Examining  these  predictions  helped 
to  better  understand  the  lamina  response. 
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Figure  6.7  Predicted  0°  Lamina  Constituent  Stress 


Histories,  emax=-75% 


Since  there  is  no  load  transfer  to  the  fiber  in  the 
strain  control  mode,  the  maximum  fiber  stress  remains 
constant  when  the  matrix  stress  relaxes.  This  verifies  that 
the  reduction  in  the  lamina  stress  was  the  result  of  matrix 
creep.  The  analysis  also  shows  that  the  minimum  stress  of 
the  matrix  was  compressive  in  substage  la,  even  though  a 
zero  stress  constraint  was  enforced  on  the  lamina.  In  order 
to  maintain  this  constraint,  the  minimum  stress  in  the  fiber 
had  to  increase,  which  was  due  to  the  increase  in  the 
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minimum  strain.  Thus,  although  the  fiber  was  in  a  tension- 
tension  state,  the  matrix  actually  achieved  a  state  of 
tension-compression  stress. 

The  results  predicted  by  the  CCM  confirm  that  the 
progression  of  deformation  and  damage  for  the  fiber 
dominated  failure  mode  is: 

(1)  Plastic  deformation  of  the  matrix 

(2)  Creep  deformation  of  the  matrix 

(3)  The  fibers  begin  to  fracture  and  the  specimen  fails 
As  shown  above,  there  was  no  increase  in  the  fiber  stress, 
but  in  the  experiments  the  fibers  still  fractured.  This 
suggests  that  the  phenomenon  of  the  fiber  fracture  would 
need  to  be  modeled  by  applying  statistical  analysis 
techniques  and  obtaining  a  better  understanding  of  the 
degradation  in  the  fiber  strength  due  to  fatigue. 

Region  II  -  Matrix  Dominated  Failure  Mode 

StreaSL=Sfc;rein  RespQngq 

In  Chapter  IV,  it  was  shown  that  matrix  cracking  was 
the  dominant  failure  mode  when  fatigue  occurred  below  a 
maximum  strain  of  .73%.  Figure  6.8  compares  a  few 
representative  stress-strain  curves  predicted  by  the  CCM  to 
their  experimental  counterparts  for  a  specimen  subjected  to 
fatigue  at  a  maximum  strain  of  .6%.  As  mentioned  above,  the 
non-linear  response  in  the  first  cycle  was  due  to  plastic 
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Figure  6.8  0°  lamina  o-c  Predictions  vs.  Experiment, 

Cm,*  =  .6% 


deformation  of  the  matrix  (Figure  6.5).  Reasonable 
agreement  was  obtained  between  the  predictions  and  the 
experiment  for  the  first  30,000  fatigue  cycles.  However, 
the  predicted  response  was  unchanged  after  30,000  cycles. 
This  was  the  result  of  not  modeling  matrix  cracking  in  the 
CCM,  and,  as  mentioned  in  Chapter  IV,  matrix  cracks 
resulted  in  a  reduction  in  the  stiffness  and  stress  of  the 


lamina  after  32,000  fatigue  cycles. 
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Stress  History 

Figure  6 . 9  compares  the  predicted  minimum  stress  and 
maximum  stress  of  the  lamina  to  the  results  obtained  from 
the  experiment  for  the  previous  loading  condition.  It  was 
in  shown  Chapter  IV  that  for  specimens  whose  failure  mode 
was  dominated  by  the  matrix  cracking,  a  two  stage  stress 
response  was  observed.  These  stages  are  shown  in  Figure 
6.9.  In  substage  la,  the  predicted  results  showed  excellent 
agreement  with  its  experimental  counterpart.  Consistent 
with  experiment,  the  CCM  predicted  a  constant  mean  stress  in 
substage  lb.  After  this,  the  predicted  stress  response 
remained  constant  for  the  remainder  of  the  fatigue  life, 
while  experimental  data  showed  a  steady  decrease  in  stress 
starting  at  approximately  32,000  fatigue  cycles.  This  was 
shown  to  be  the  result  of  matrix  cracks  (Figure  4.24),  which 
was  not  modeled  in  the  present  analysis.  These  results  show 
the  need  for  an  evolutionary  law  that  would  characterize  the 
0°  lamina  response  due  to  the  initiation  and  progression  of 
matrix  cracks . 

Constituent ' s  Response 

Figure  6.10  shows  the  predicted  fatigue  response  of  the 
constituents  for  this  same  loading  condition.  As  in  the 
case  of  the  fiber  dominated  failure  mode,  the  first  stage 
was  a  result  of  matrix  creep.  This  was  accompanied  by  the 
plastic  deformation  of  the  matrix,  during  the  first  loading 
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Figure  6.9  0°  Lamina  Stress  Histories,  Predicted  vs. 

Experiment,  =  .6% 
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Figure  6.10  Predicted  0°  Lamina  Constituent  Stress 


Histories,  =  .6% 


cycle,  when  the  maximum  strain  level  was  above  of  .55%.  As 
can  be  observed  in  Figure  6.10,  the  lamina  stress  achieved  a 
constant  mean  stress  (substage  lb) .  The  analysis  now  shows 
that  this  occurs  because  the  mean  stress  in  the  matrix  was 
constant,  which  was  a  result  of  the  matrix  creep  in  tension 
being  balanced  by  the  matrix  creep  in  compression  (self- 
equilibrating  matrix  creep) .  Since  no  further  reduction  in 
the  stress  due  to  matrix  creep  occurs,  the  matrix  cracks 
begin  to  develop  in  this  substage. 
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The  CCM  has  shown  that  the  two  stage  behavior  described 
in  Chapter  IV  contains  the  following  progression  of  damage: 

(1)  The  matrix  plastically  deforms  when  the  matrix 
strain  level  in  fatigue  is  above  .55%. 

(2)  the  matrix  creeps,  leading  to  a  reduction  in  lamina 
stress 

(3)  a  state  of  self -equilibrating  matrix  creep  occurs 
and  matrix  cracks  begin  to  develop 

(4)  These  matrix  cracks  begin  to  propagate  through  the 
specimen  which  results  in  a  loss  in  stiffness. 

Constant  Strain  vs.  Decreasing.  Strain  Amplitude-  An 

Analytical  Comparison 

There  was  no  experimental  data  available  in  the 
literature  or  obtained  in  this  study  for  the  0°  lamina  under 
the  constant  amplitude  strain  control  mode.  The  CCM  was 
used  to  explore  the  differences  between  this  control  mode 
and  the  hybrid  strain  control  mode  used  in  this  study. 

Figure  6.11  compares  the  predicted  histories  of  the  maximum 
stress  and  minimum  stress  of  the  lamina  for  the  two  control 
modes.  As  expected,  the  only  difference  in  the  two 
responses  occurs  at  the  minimum  strain  level.  This  behavior 
was  explained  by  examining  the  constituent  stresses,  which 
are  discussed  next. 

Figure  6.12  shows  the  predicted  histories  of  the 
constituent  stresses  for  the  above  case.  There  was  no 


236 


difference  in  the  predicted  maximum  stress  of  the  fiber 
between  these  two  techniques.  Hence,  for  either  technique, 
there  should  be  no  difference  in  the  fatigue  life  nor  should 
there  be  any  difference  in  the  progression  of  damage  when 
the  failure  is  dominated  by  fiber  fractures.  As  expected, 
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Figure  6.12  0°  Lamina  Constituent  Stresses  -  Constant 

Amplitude  vs.  Hybrid  Strain  Control,  €„**=  .6% 


there  was  generally  a  large  difference  in  the  minimum  fiber 
stress  between  the  two  control  techniques .  There  is  no 
evidence  to  show  that  the  fiber  is  sensitive  to  stress 
range,  so  the  control  technique  should  not  affect  the  fiber 
damage . 
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As  with  the  fiber,  there  was  a  difference  in  the  stress 
range  in  the  matrix.  There  was  no  difference  in  the 
predicted  maximum  stress  of  the  matrix.  The  difference  was 
in  the  minimum  stress,  and,  as  a  result,  there  was  a 
difference  in  the  stress  range.  Several  investigations  [34, 
35,  69]  have  shown  that  the  matrix  is  sensitive  to  stress 
range.  However,  the  difference  in  the  predicted  stress 
range,  using  the  present  analysis,  is  small  compared  to  what 
is  required  to  affect  the  fatigue  life.  Again,  no 
difference  in  the  damage  mechanisms  nor  the  fatigue  life 
should  be  observed  subjecting  a  specimen  to  fatigue  using 
either  of  these  techniques. 

This  analysis  showed  that  there  will  be  a  difference  in 
the  lamina  stress  response  between  the  constant  amplitude 
and  hybrid  strain  control  mode.  However,  the  predicted 
results  suggests  that  no  difference  in  fatigue  lives  nor  the 
damage  mechanisms  should  be  observed.  A  thicker  and  more 
expensive  specimen  would  be  required  to  run  the  constant 
amplitude  strain  controlled  tests  to  prevent  buckling. 

These  preliminary  results  suggests  that  this  may  not  be 
required. 

90  Lamina  Analysis 

The  strip  model  (SM)  was  used  to  predict  the  fatigue 
response  of  the  90°  lamina.  This  section  discusses  the 
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ability  of  the  SM  to  predict  the  lamina  damage,  and  the 
insight  it  can  provide  to  the  locations  of  matrix  plasticity 
and  matrix  cracking.  Results  are  shown  for  the  fatigue 
responses  described  in  Chapter  IV  as:  progressive  fiber- 
matrix  interface  damage,  matrix  cracking  plus  the 
progressive  fiber-matrix  interface  damage,  and  matrix 
cracking.  Also,  a  discussion  is  presented  to  show  the 
differences  between  the  hybrid  strain  control  mode  and  the 
constant  amplitude  strain  control  mode. 

First  Fatigue  Cycle  Predictions  Using  the  Strip  Model 

Stress-Strain  Response 

Figures  6.13  through  6.15  compare  the  predicted  (first 
cycle)  stress-strain  responses  to  the  experimental  data  for 
the  cases  of  maximum  strain  levels  of  .1%,  .2%,  and  .3%, 
respectively.  It  was  previously  stated  that  the  bond 
strength  distribution  for  the  SM  was  determined  from  the 
loading  curve  of  a  specimen  subjected  to  fatigue  at  a 
maximum  strain  of  .45%  (Figures  5.11  and  5.12).  This  same 
distribution  was  also  used  for  these  predictions. 

It  was  observed  that  the  SM  predicted  the  stress-strain 
response  at  these  strain  levels  within  reasonable 
experimental  error.  In  each  case,  the  predicted  loading 
response  and  peak  stresses  showed  good  agreement  with  the 
experimental  counterpart.  The  predicted  behavior  of  the 
unloading  responses  also  showed  reasonable  agreement  with 
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Figure  6.13  90°  Lamina  o-e  Response,  Predicted 
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Figure  6.15  90°  Lamina  o-e  Response,  Predicted 

vs.  Experiment,  €max=  .3% 


the  experiments.  This  illustrates  that  the  SM  was  able  to 
predict  the  correct  stress-strain  response,  for  all  the 
strain  levels  tested  in  this  study,  by  modeling  the  damage 
of  the  fiber-matrix  interface  as  a  progressive  mechanism  and 
calibrating  the  bond  strengths  of  the  strips  with  one 
loading  curve. 

Lamina  Stress  Distribution 

In  addition  to  characterizing  the  initiation  of  fiber- 
matrix  interface  damage,  the  SM  can  also  provide  an  insight 
into  the  other  observed  deformation  and  damage  mechanisms. 
Figure  6.16  shows  predicted  stress  distributions  across  the 
unit  cell  for  the  first  loading  cycle.  This  is  for  the 


Figure  6.16  Predicted  First  Loading  Cycle  Stress 


Distribution,  e,^  =  .45% 


case  of  a  specimen  loaded  to  a  maximum  strain  level  of  .45%. 
The  stress  distribution  at  five  intermediate  strain  levels 
in  the  loading  cycle  are  shown.  These  strain  levels 
correspond  to  those  used  to  test  the  90°  lamina  in  fatigue. 

The  SM  predicted  matrix  plasticity  to  occur  at  an  angle 
of  approximately  51°  with  respect  to  the  loading  axis  and  at 
a  strain  level  of  .45%.  This  approximate  location  is  shown 
schematically  on  the  SM  model  (see  insert) .  In  Chapter  IV, 
it  was  shown  that  matrix  plastic  deformation  (i.e.  slip 
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bands)  was  observed  at  this  location,  but  it  initiated  at  a 
strain  level  of  .25%  (Figure  4.54).  Albeit,  the  SM 
predicted  the  plasticity  at  a  higher  strain  than  observed  in 
the  experiment,  but,  nevertheless,  the  correct  location  was 
predicted. 

The  plastic  deformation  observed  in  the  experiment  was 
a  localized  phenomena  due  to  a  local  stress  concentration  at 
the  fiber-matrix  interface,  which  the  SM  does  not  account 
for.  As  explained  in  Chapter  V,  the  entire  matrix  portion 
of  the  strip  is  either  elastic  or  plastic.  Prediction  of 
this  localized  plasticity  may  require  an  analysis  (i.e. 
finite  elements)  which  can  predict  the  multi-dimensional 
state  of  stress  and  take  into  account  the  stress 
concentration  at  the  fiber-matrix  interface. 

Even  though  the  plastic  deformation  was  predicted  at  a 
higher  strain  level  than  actually  occurred,  the  stress- 
strain  response  was  well  predicted  by  the  SM  (Figures  6.13 
through  6.15).  Thus,  when  fatigue  occurs  below  a  strain 
level  of  .45%,  plastic  deformation  of  the  matrix  was  a 
secondary  mechanism  to  the  fiber-matrix  interface  damage. 
This  has  also  been  observed  in  other  investigations  of  the 
SCS-6/Ti-15-3  90°  lamina  [68] . 

The  SM  only  considers  the  fiber-matrix  interface 
damage.  It  can  characterize  the  initiation  of  damage  on  the 
first  loading  cycle  and,  as  it  will  be  shown  next,  can 
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provide  some  insight  into  the  propagation  of  the  fiber- 
matrix  interface  damage.  The  discussion  presented  above 
shows  that  the  SM  can  also  provide  data  on  stress  ranges 
(i.e.  minimum  and  maximum  stresses  in  each  strip) .  In 
future  work,  these  data  may  be  used  with  an  evolutionary  law 
to  predict  the  development  and  propagation  of  matrix  cracks. 

Fatigue  Response 

Region  lib  -  Progressive  Fiber-Matrix  Interface  Damage 

In  Chapter  IV,  a  linearly  elastic  response  was  observed 
during  the  first  cycle  of  the  specimen  tested  in  fatigue  at 
a  maximum  strain  level  of  .1%.  The  SM  accurately  predicted 
this  response  (Figure  6.13).  For  this  test  condition, 
optical  microscopy  showed  that  no  matrix  cracking  initiated 
but  that  there  was  fiber-matrix  interface  damage  (Figure 
4.57).  Thus,  this  test  was  chosen  to  calibrate  the  bond 
strength  degradation  function  (Equation  5.42). 

Figure  6.17  shows  the  predicted  histories  of  the 
maximum  stress  and  minimum  stress  compared  to  their 
experimental  tounterparts  for  the  specimen  subjected  to 
fatigue  at  a  maximum  strain  of  .1%.  The  predicted  curves 
were  determined  by  using  the  SM  and  applying  Equation  5.34 
using  different  values  of  n' .  When  n' =  5,000,  this  implies 
that  the  entire  fiber-matrix  interface  had  failed  by  5,000 
fatigue  cycles.  An  infinite  value  of  n'  implies  that  no 
degradation  in  the  fiber-matrix  interface  bond  strength 
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Figure  6.17  90°  Lamina  Stress  Histories,  Predicted  vs. 

Experiment ,  6max= .  1% 


occurs.  In  the  latter  case,  the  only  reduction  in  stress 
would  be  due  to  creep  deformation  of  the  matrix.  As 
expected,  in  the  case  of  no  degradation  in  the  bond 
strength,  the  prediction  shows  that  matrix  creep  itself  was 
not  enough  to  account  for  the  total  reduction  in  stress 
observed  in  the  experiment.  The  prediction  improves  by 
assuming  the  bond  strength  becomes  totally  weak  by  15,000 
cycles . 
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The  results  obtained  by  applying  the  degradation 
function  provides  more  of  a  qualitative  than  quantitative 
assessment.  However,  it  clearly  demonstrates  that  the 
progression  of  fiber-matrix  interface  damage  can  affect  the 
fatigue  response  of  the  90°  lamina. 

Region  Ha  -  Progressive  _Fi_ber-Matrix  Interface  Damage 
and  Matrix  Cracking 
Stress-Strain ■Response 

Figure  6.18  shows  the  predicted  history  of  the  stress- 
strain  response  compared  to  the  experimental  counterpart  for 
a  specimen  subjected  to  fatigue  at  a  maximum  strain  .3%.  In 
this  case,  the  bond  strength  was  not  degraded.  This  figure 
is  shown  simply  to  demonstrate  the  ability  of  the  SM  to 
predict  the  stress-strain  response  after  the  first  fatigue 
cycle.  As  explained  in  Chapter  V,  a  strip  has  a  zero  bond 
strength  after  it  has  failed.  This  lowers  the  loading 
modulus  on  the  subsequent  fatigue  cycles,  as  is  clearly 
shown  in  Figure  6.18.  It  is  shown  next  that  the  history  of 
the  maximum  stress  can  be  better  predicted  by  degrading  the 
bond  strength. 

Stress  History 

Figure  6 . 19  compares  the  predicted  histories  of  the 
maximum  stress  and  minimum  stress  to  their  experimental 
counterparts  for  a  specimen  tested  in  fatigue  at  a  maximum 
strain  of  .3%.  Two  values  of  n'  were  used  in  this  case 


247 


(infinity  and  15,000).  The  latter  value  was  found  from  the 
case  of  a  specimen  subjected  to  fatigue  with  a  maximum 
strain  level  of  .1%.  The  predictions  shows  that  the  creep 
deformation  (  n' =  infinity)  can  account  for  a  large  amount, 
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but  not  all,  of  the  reduction  in  stress.  Assigning  a  value 
of  n'  =  15,000  improves  the  prediction,  but  it  still  does 
not  account  for  the  total  reduction  in  stress.  Naturally, 
the  propagation  of  the  fiber-matrix  interface  damage  is 
dependent  on  the  state  of  stress  at  the  interface,  and  it  is 
also  heavily  dependent  on  the  environmental  affects,  which 
was  shown  earlier  (Figure  4.25).  In  was  shown  in  Chapter  IV 
that,  when  fatigue  occurred  in  this  region,  small  matrix 
cracks  were  observed  at  the  fiber-matrix  interface.  These 
cracks  also  contribute  to  the  reduction  in  stress.  To 
improve  the  predicted  fatigue  response  requires:  an 
evolutionary  law  for  the  initiation  and  propagation  of  the 
matrix  cracks,  and  further  investigation  into  the 
degradation  of  the  bond  strength  to  determine  its  dependence 
on  strain  level  and  the  environment. 

Region  i  -  Matrix,  cracking 

Figure  6.20  compares  the  histories  of  the  minimum 
stress  and  maximum  stress  predicted  by  the  SM  to  their 
experimental  counterparts  for  the  specimen  tested  in  fatigue 
at  a  maximum  strain  of  level  .45%.  As  in  the  previous 
cases,  two  values  of  n‘  were  used  (infinity  and  15,000). 
There  was  no  difference  in  the  two  predictions,  which  was 
due  to  the  short  fatigue  life.  The  specimen  failed  before 
any  serious  degradation  in  the  bond  strength  could  occur. 
Also,  the  analysis  shows  that  there  is  only  a  small  affect 
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Figure  6.19  90°  Stress  Histories,  Predicted  vs. 

Experiment,  €max=  .3% 


on  the  specimen  response  due  to  creep  deformation.  It  was 
shown  in  Chapter  IV  that  matrix  cracking  was  the  dominant 
damage  mechanism  when  a  specimen  was  tested  in  fatigue  with 
a  maximum  strain  greater  than  .35%.  The  SM  has  demonstrated 
the  dominance  of  matrix  cracking  on  the  specimen  response  in 
this  region.  This  shows  again  the  need  for  an  evolutionary 
law  describing  the  initiation  and  propagation  of  matrix 
cracks  to  predict  the  response  of  the  90°  lamina  tested  in 
fatigue . 
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Constant  Strain  vs.  Decreasing  Strain  Amplitude 
It  was  shown  in  Chapter  IV  that  there  was  good 
agreement  in  the  fatigue  lives  between  the  constant 
amplitude  strain  control  mode  and  the  hybrid  (decreasing 
amplitude)  strain  control  mode  (Figure  4.58).  Figure  6.21 
compares  the  stress  responses  for:  the  experiments  using 
each  control  technique,  and  the  SM  predictions  using  each 
control  technique.  Both  techniques  show  excellent  agreement 
in  the  history  of  the  maximum  stress.  As  expected,  there 
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Hybrid  and  Constant  Amplitude  Strain  Control 
vs .  Experiment 
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was  a  difference  in  the  history  of  the  minimum  stress.  The 
SM  was  applied  to  better  understand  these  differences. 

As  mentioned  above,  Figure  6.21  also  shows  the  typical 
SM  predictions  for  the  constant  amplitude  strain  control 
mode  and  the  hybrid  strain  control  mode.  These  predictions 
were  for  the  case  of  a  maximum  strain  level  of  .28%.  It  was 
previously  shown  that,  for  the  hybrid  strain  control  mode, 
the  prediction  can  be  improved  by  degrading  the  bond 
strength  over  the  fatigue  life.  In  this  case,  the  effect  of 
degrading  the  bond  strength  on  the  lamina  stress  was  shown 
only  for  the  constant  amplitude  technique.  As  expected,  the 
prediction  was  improved. 

The  analysis  suggests  that  the  only  difference  between 
the  two  control  modes  will  be  due  to  creep  deformation  of 
the  matrix.  In  the  constant  amplitude  technique,  some  of 
the  creep  in  tension  will  be  recovered  by  the  reverse  creep 
in  compression.  This  will  not  occur  in  the  hybrid  technique 
since  the  specimen  was  constrained  from  going  into 
compression.  However,  it  has  been  shown  in  this  study  that 
the  matrix  creep  at  the  low  strain  levels  is  small.  This 
suggests  that  the  amount  of  reverse  creep  accumulated  in  the 
constant  strain  amplitude  technique  is  negligible.  As  a 
result,  the  fatigue  response  (except  for  the  minimum 
stress) ,  damage  mechanisms,  and  the  fatigue  life  of  a 
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specimen  under  the  two  strain  control  techniques  were 
similar. 

Analysis  Summary 

This  chapter  discussed  the  application  of  two 
micromechanical  models  to  predict  the  fatigue  response  of 
the  unidirectional  SCS-6/Ti-15-3  MMC  at  elevated  temperature 
under  the  strain  controlled  loading  condition.  The  CCM  was 
applied  to  predict  the  fatigue  response  of  the  0°  lamina, 
while  the  SM  was  used  to  predict  the  response  of  the  90° 
lamina.  The  findings  from  the  analyses  are  summarized 
below: 

Neat  Matrix 

(1)  The  fatigue  response  of  the  neat  matrix  under 
strain  control  was  predicted  from  the  results  of  a  few 
relaxation  tests  and  one  static  test  at  the  application 
temperature  (427°) . 

(2)  The  plastic  and  creep  deformation  mechanisms  were 
successfully  decoupled  to  predict  the  fatigue  response  of 
the  neat  matrix. 

(3)  For  the  hybrid  strain  control  mode,  the  fatigue 
response  of  the  neat  matrix  was  dominated  by  creep 
deformation. 
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0°  Lamina 

(1)  The  nonlinear  stress-strain  response  of  the  0° 
lamina,  on  the  first  loading  cycle,  was  the  result  of  the 
matrix  plastically  deforming  above  a  strain  level  of  .55%. 

(2)  For  the  fiber  dominated  failure  mode  (maximum 
strain  greater  then  .73%)  the  progression  of  damage  in  the 
0°  lamina  was:  matrix  plastic  deformation,  matrix  creep 
deformation,  and  finally,  rapid  fracture  of  the  fibers 
leading  to  specimen  failure. 

(3)  For  the  matrix  dominated  failure  mode  (maximum 
strain  less  than  .73%)  the  progression  of  damage  was: 
plastic  deformation  of  the  matrix  when  the  maximum  strain 
level  was  above  .55%,  matrix  creep  deformation,  a  period  of 
self-equilibrating  matrix  creep  and  the  matrix  cracks  to 
develop,  and  finally,  propagation  of  the  matrix  cracks 
result  in  a  loss  of  stiffness. 

90°  Lamina 

(1)  The  initiation  of  fiber-matrix  interface  damage  was 
modeled  as  a  progressive  damage  mechanism. 

(2)  A  simple  degradation  of  the  bond  strength,  as  a 
function  of  fatigue  cycles,  was  applied  to  model  the 
propagation  of  the  fiber-matrix  interface  damage. 

(3)  The  analysis  suggested  that  the  fiber-matrix 
interface  of  the  SCS-6/Ti-15-3  MMC  has  a  non-zero  bond 
strength. 


255 


(4)  The  damage  in  the  90°  lamina  subjected  to  fatigue 
with  a  maximum  strain  level  below  .23%  was  dominated  by  the 
initiation  and  progression  of  fiber-matrix  interface  damage. 
This  damage  was  accompanied  by  creep  deformation  of  the 
matrix. 

(5)  After  the  initiation  of  fiber-matrix  interface 
damage  in  the  first  loading  cycle,  the  progression  of 
fatigue  damage  in  the  90°  lamina  tested  in  fatigue  with  a 
maximum  strain  level  above  .23%,  but  less  then  .35%,  was: 
the  development  of  small  matrix  cracks,  and  then  a 
progression  of  the  fiber-matrix  interface  damage  and  an 
accumulation  of  matrix  creep  deformation. 

(6)  After  the  initiation  of  fiber-matrix  interface 
damage  in  the  first  loading  cycle,  the  damage  in  the  90° 
lamina  tested  in  fatigue  with  maximum  strain  level  greater 
than  .35%  was  dominated  by  the  initiation  and  propagation  of 
matrix  cracks . 
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VII.  Conclusions  and  Recommendations 


The  fatigue  behavior  of  a  unidirectional  Metal  Matrix 
Composite  (MMC)  was  characterized  at  elevated  temperature 
(427°C)  using  a  hybrid  strain  controlled  loading  mode. 
Through  a  systematic  series  of  experiments,  the  0°  and  90° 
MMC  (SCS-6/Ti-15-3 )  laminas  subjected  to  fatigue  were 
investigated.  Also,  an  extensive  microscopic  analysis  was 
performed  to  identify  the  initiation  and  progression  of 
damage  mechanisms  due  to  fatigue.  These  two  parts  of  the 
study  led  to  the  development  of  fatigue  life  curves,  which 
related  the  number  of  fatigue  cycles  to  failure  to  the 
dominant  damage  mechanism.  Finally,  the  results  obtained 
from  the  fatigue  tests  and  the  microscopic  analysis  were 
verified  by  analytical  techniques. 

For  the  0°  lamina  (fibers  parallel  to  the  loading 
direction) ,  the  fatigue  response  was  dictated  by  one  of  two 
failure  modes.  For  the  specimens  subjected  to  fatigue  above 
a  maximum  strain  of  .73%,  the  fatigue  response  was  initially 
dominated  by  plastic  and  creep  deformation  of  the  matrix. 
However,  fiber  fractures  resulted  in  specimen  failure.  When 
a  specimen  was  subjected  to  fatigue  below  a  maximum  strain 
of  .73%,  the  dominant  failure  mode  was  matrix  cracking.  It 
was  shown  that  the  stress  response  could  be  partitioned  into 
two  stages.  In  Stage  I,  matrix  creep  was  the  dominant 
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deformation  mechanism,  which  was  accompanied  by  plastic 
deformation  of  the  matrix  above  a  strain  level  of  .55%. 
Eventually,  a  period  of  self -equilibrating  creep  occurred  in 
the  matrix.  This  was  an  incubation  period  for  the 
development  of  matrix  cracks.  In  Stage  II,  these  cracks 
began  to  propagate,  which  resulted  in  a  loss  of  stiffness 
and  a  concurrent  reduction  in  the  lamina  stress. 

The  results  obtained  from  the  fatigue  tests  and  the 
microscopic  analysis  were  used  to  generate  a  fatigue  life 
curve.  This  fatigue  curve  was  partitioned  into  three 
regions.  Each  region  was  associated  with  a  specific  failure 
mode.  In  Region  I,  the  failure  was  dominated  by  fiber 
fractures,  which  was  shown  to  occur  when  the  maximum  strain 
was  greater  than  .73%.  Fatigue  life  of  the  MMC  in  Region  II 
was  shown  to  be  dominated  by  matrix  cracks.  This  region  was 
defined  for  those  specimens  subjected  to  fatigue  at  a 
maximum  strain  less  than  .73%  but  greater  than  .3%. 

Finally,  when  the  maximum  strain  was  less  than  .3%,  the 
matrix  fatigue  limit  was  reached.  The  fatigue  life  of  a 
specimen  subjected  to  fatigue  at  these  strain  levels  would 
be  greater  than  107  cycles. 

For  the  90°  lamina  (fibers  perpendicular  to  the  loading 
direction) ,  the  fatigue  response  was  dominated  by  the  fiber- 
matrix  interface  damage.  On  the  first  loading  cycle,  this 
damage  mechanism  was  observed  to  initiate  at  a  strain  level 
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above  . 1% .  The  subsequent  fatigue  response  was  also 
dependent  on  the  maximum  strain  level.  For  example,  for  the 
specimens  loaded  in  fatigue  above  a  strain  level  of  .35%, 
the  dominant  damage  mechanism  was  the  propagation  of  matrix 
cracks.  For  those  specimens  subjected  to  fatigue  at  a 
strain  level  below  .35%,  but  greater  than  .23%,  small  matrix 
cracks  were  found  emanating  from  the  fiber-matrix  interface. 
These  cracks  did  not  propagate  through  the  specimen  to  cause 
failure.  Instead,  a  progression  of  the  fiber-matrix 
interface  damage  occurred,  along  with  a  significant 
accumulation  of  matrix  creep  deformation.  For  those 
specimens  subjected  to  fatigue  below  a  strain  level  of  .23%, 
only  a  small  amount  of  fiber-matrix  interface  damage 
occurred  on  the  first  loading  cycle.  In  fact,  the  stress- 
strain  response  was  linearly  elastic  below  a  strain  level  of 
.1%.  There  was  no  evidence  of  matrix  cracks  when  the  strain 
level  was  below  .23%.  In  these  cases,  the  damage  was 
limited  to  a  progression  of  fiber-matrix  interface  damage. 

As  in  the  case  of  the  0°  lamina,  the  results  obtained 
from  the  fatigue  tests  and  the  microscopic  analysis  were 
used  to  generate  a  three  region  fatigue  life  curve.  In 
Region  I,  the  fatigue  life  was  shown  to  be  dominated  by 
matrix  cracks,  which  occurred  for  those  specimens  loaded 
above  a  maximum  strain  greater  than  .35%.  Region  II  was 
further  partitioned  into  two  subregions.  The  first 
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subregion  (I la)  was  defined  when  Che  maximum  strain  was  in 
the  range  of  .23%  to  .35%.  In  this  subregion,  the  fatigue 
damage  was  a  combination  of  small  matrix  cracks  and  a 
progression  of  the  fiber-matrix  interface  damage.  Subregion 
lib  was  defined  by  those  specimens  subjected  to  fatigue 
below  a  strain  level  of  .23%.  The  damage  in  this  region  was 
limited  to  a  breakdown  of  the  fiber-matrix  interface. 
Finally,  Region  III  was  defined  as  the  fiber-matrix 
interface  fatigue  limit.  The  upper  limit  of  this  region  was 
defined  at  a  maximum  strain  level  of  .05%,  which  was 
approximated  by  combining  the  results  observed  in  the 
experiments  with  those  predicted  in  the  analysis.  There 
should  be  no  fiber-matrix  interface  damage  in  this  region. 

To  complement  the  experiments  and  microscopic  analysis, 
analytical  techniques  were  applied  to  provide  further 
insight  into  the  fatigue  behavior  of  the  MMC .  Two 
micromechanical  models  were  used  in  the  analysis  to  predict 
the  fatigue  response  of  the  0°  and  90°  lamina,  which  were 
the  concentric  cylinder  model  (CCM)  and  the  strip  model 
(SM) ,  respectively.  There  were  two  methods  incorporated 
into  the  SM  for  predicting  the  fiber-matrix  interface 
damage.  The  first  method  characterized  the  initiation  of 
damage,  which  occurs  on  the  first  loading  cycle.  It  was 
shown  that  the  parameters  used  for  this  method  could  be 
calibrated  from  only  one  loading  curve  of  the  90°  lamina. 
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The  second  method  characterized  the  progression  of  the 
fiber-matrix  interface  damage,  which  occurs  when  the 
specimen  is  loaded  in  fatigue. 

A  scheme  was  proposed  to  predict  the  fatigue  response 
of  the  neat  matrix.  This  scheme  was  based  on  the 
availability  of  data  from  a  few  relaxation  tests  of  the  neat 
matrix  and  one  static  test  of  the  neat  matrix.  The 
relaxation  scheme  was  successfully  applied,  in  the  CCM  and 
the  SM,  to  predict  the  fatigue  response  of  the  MMC  at 
elevated  temperature. 

The  recommendations  for  future  research  include 
investigations  in  both  the  experimental  and  the  analytical 
areas  and  are  summarized  below: 

(A)  Experiments 

(1)  Conduct  fatigue  tests  using  the  hybrid  strain 
controlled  loading  mode  on  the  0°  lamina  at  strain  levels 
less  than  or  equal  to  .3%.  This  will  help  to  better 
identify  the  lamina  fatigue  limit. 

(2)  Conduct  fatigue  tests  using  the  hybrid  strain 
controlled  loading  mode  on  the  90°  lamina  at  strain  levels 
less  than  or  equal  to  .05%.  This  will  help  to  better 
identify  the  fiber-matrix  interface  fatigue  limit. 

(3)  Conduct  fatigue  tests  using  the  same  strain  range 

but  different  mean  strains.  This  quantify  the 

dependence  of  the  fatigue  life  on  the  strain  range. 
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(4)  Conduct  fully  reversed,  strain  controlled  fatigue 
tests  on  the  unidirectional  lamina  (0°  and  90°) .  This  will 
better  simulate  the  actual  loading  conditions. 

(B)  Analysis 

(1)  Extend  the  SM  to  account  for  the  development  and 
propagation  of  matrix  cracks.  One  possible  method  is  to 
formulate  an  evolutionary  law  which  relates  the  number  of 
fatigue  cycles  at  a  given  stress  level  to  the  crack 
propagation  rate. 

(2)  Include  the  effects  of  matrix  cracking  and  fiber- 
matrix  interface  damage  in  the  CCM.  These  methods  could  be 
similar  to  the  method  proposed  for  the  SM. 

(3)  Study  the  effects  of  fiber  fracture  on  the  fatigue 
response  of  the  0°  lamina. 

(4)  There  has  been  no  systematic  study  to  relate  the 
fatigue  life  of  a  laminate  to  its  basic  lamina.  A  natural 
extension  of  this  work  would  be  to  perform  a  systematic 
series  of  fatigue  tests,  using  the  strain  control  mode,  on 
the  [0/90]  laminate.  This  should  be  coupled  with  a 
micromechanical  analysis  and  a  thorough  microscopic 
evaluation. 
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Appendix  A 

Additional  Experimental  Results  -  0°  Lamina 
This  appendix  contains  additional  raw  data  that  was  not 
presented  in  other  locations  of  the  document.  This  includes 
plots  of  the: 

(1)  Histories  of  the  maximum  strain  and  minimum  strain 
for  all  of  the  specimens  tested  in  fatigue 

(2)  Histories  of  the  stress-strain  response 

(3)  Histories  of  the  minimum  stress,  maximum  stress, 
and  modulus  showing  the  stages  of  damage  and 
deformation  as  described  in  Chapter  IV. 

In  all  of  the  plots  the  lines  are  drawn  to  show  the  data 
trend  and  are  not  predictions. 
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Figure  A.l  0°  Lamina  Strain  history,  cmax=  -77% 


Figure  A. 2  0°  Lamina  Strain  History,  emax=.75% 
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Figure  A. 5  0°  Lamina  Strain  History,  6^=  .7% 
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Figure  A. 6  0°  Lamina  Strain  History,  6^=  .6% 
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Figure  a. 7  0°  Lamina  Stress  and  Modulus  Histories,  emax=.5% 
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Figure  A. 10  0°  Lamina  Stress  and  Modulus  Histories, 
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Fiaure  A. 13  0°  Lamina  Stress  and  Modulus  Histories, 

^max  —  •  4% 
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Appendix  B 

Additional  Experimental  Results  -  90°  Lamina 

This  appendix  contains  additional  raw  data  that  was  not 
presented  in  other  locations  of  the  document.  This  includes 
plots  of  the: 

(1)  Histories  of  the  maximum  strain  and  minimum  strain 
for  all  of  the  specimens  tested  in  fatigue 

(2)  Stress-strain  response  histories 

(3)  Histories  of  the  minimum  stress,  maximum  stress, 
and  modulus  showing  the  stages  of  damage  and 
deformation  as  described  in  Chapter  IV. 

In  all  of  the  plots,  the  lines  are  drawn  to  show  the  data 
trend  and  are  not  predictions.  An  example  is  also  included 
to  show  how  the  modulus  was  measured  for  the  90°  specimens 
tested  in  fatigue. 
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Figure  B.4  90°  Lamina  Stress  and  Modulus  Histories, 
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Figure  B.10  90°  Lamina  Strain  Histories, 

Cmax  =  -1% 

Young  Modulus  Measurement  -  90°  Lamina 

The  stress-strain  curves  of  the  90°  specimens  tested  in 
fatigue  at  a  maximum  strain  level  greater  than  .1%  were 
slightly  nonlinear  (Figure  B.ll) .  There  are  typically  two 
choices  to  calculate  the  modulus  for  specimens  that  exhibit 
this  behavior.  The  first  is  the  secant  modulus,  which  is 
defined  as 

it  -  ®max-^min  ,  » 

- - — -  IB.XJ 

max  cmin 

and  the  second  is  the  least  squares  method.  For  this  study, 
the  latter  approach  was  used.  All  of  the  stress  and  strain 
data  over  the  fatigue  cycle  were  used  in  the  fit,  except  for 
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the  first  fatigue  cycle.  For  the  first  fatigue  cycle,  only 
the  initial  linear  loading  portion  of  the  curve  was  used. 
However,  there  was  one  graph  were  the  first  fatigue  cycle 
unloading  modulus  curve  was  used  (Figure  4.48).  Figure  B.ll 
shows  the  least  square  fits  (solid  lines)  to  the  measured 
stress-strain  data  for  a  specimen  subjected  to  fatigue  at  a 
maximum  strain  level  of  .3%.  It  can  be  observed  that  the 
least  squares  fit  consistently  gave  a  good  representation  of 
the  specimen  stiffness. 


Figure  B.ll  90°  Lamina  o-e  Response  Showing  the  Least 
Squares  Fits 
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Appendix  C 


Matrices  and  Vectors  Used  in  The  CCM 
In  Chapter  V,  Analysis,  it  was  shown  that  two  systems 
of  equations,  of  the  form  [ P ] { x }  =  {b} ,  were  solved  to 
obtain  the  displacements  in  the  CCM.  Futher,  the 
constitutive  equations  and  the  boundary  conditions  to 
develop  these  systems  were  reviewed.  The  methodology  to 
develop  these  systems  of  equations  was  adapted  from 
Reference  34  and  are  shown  below. 

First,  when  the  cyclinder  was  allowed  to  deform  freely 
in  the  longitudinal  direction  (i.e  thermal  expansion)  the 
following  4x4  system  of  equations  was  solved: 


[P]  = 


k2f 


Km+*2m 


2rjk2f  2  (r^-rj)  k2 


__1_ 

r2 

rj 


^2  m  k-zi 


rmklm  if  (klm  klf) 


(C.l) 


(b}  = 


ktmam 


]ktfafr2f  +  kma.m{rl-r2f) 


A  T 


(C.2) 
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where 


= 


E  (1-v) 


xi  (1+v)  (l-2v) 
\E 


kzi  ~  (1+v)  (l-2v) 


k  = 

u  (l-2v) 


(C .  3 ) 


and  i  refers  to  m  and  f  or  the  matrix  and  fiber  properties, 
respectively,  and 


fc. 


lx}  = 


if 


'1  m 


"2  m 


(etA 


(C  .  4  ) 


where  eth  refers  to  the  longitudinal  thermal  strain. 

When  a  mechanical  strain  was  applied  the  following  3x3 
system  of  equations  was  solved: 


IP]  = 


-r, 


klm+k2m 


lk2m~k iJ 


~klf~k2f  kl m+k2m 


r| 


(C .  5 ) 


tbM  ~k2m 

k2f~k2  m 


Ae 


(C.6) 
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(C .  7 ) 
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This  appendix  contains  flowcharts  for  the  concentric 


cylinder  model  (CCM)  and  the  strip  model  (SM) .  The  details 
of  these  models  were  explained  in  Chapter  IV. 
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